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ABSTRACT 
 
In reacting flow simulations, detailed chemical kinetics for practical fuels is important for 
accurate prediction of flames and limit combustion phenomena, such as ignition and extinction in 
engines. However, detailed chemical kinetic mechanisms are typically large and computationally 
expensive to apply in practical computational fluid dynamic (CFD) simulations. To resolve this 
difficulty, various methods for mechanism reduction have been developed over the last few 
decades to generate reduced mechanisms that can accurately mimic detailed mechanisms. For 
instance, the method of directed relation graph (DRG) features linear reduction time and was 
fully automated, rendering it highly efficient for skeletal reduction of extremely large 
mechanisms. In the present work, DRG is improved to handle the reduction of mechanisms 
involving large isomer groups, e.g. those for large hydrocarbon fuels. Expert knowledge was 
further incorporated into DRG to allow flexible error control on each individual species and heat 
release. The revised DRG method and DRG with expert knowledge (DRGX) are further 
compared with other DRG-based methods on their reduction errors. A systematic approach for 
mechanism reduction, including DRGX, isomer lumping and DRGASA, is then applied to 
develop skeletal mechanisms for various engine fuels, such as biodiesel surrogates and n-
dodecane for practical engine simulations. The reduction approach is also applied to study the 
effect of NO enrichment on the combustion of methane/ethylene mixtures. A reduced 
  
mechanism of ethylene was further developed for 3-D direct numerical simulation of a turbulent 
lifted ethylene jet flame in heated coflowing air. The recently developed method of chemical 
explosive mode (CEM) analysis (CEMA) was extended and employed to identify the detailed 
structure and stabilization mechanism of the lifted flame. 
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ABSTRACT 
 
In reacting flow simulations, detailed chemical kinetics for practical fuels is important for 
accurate prediction of flames and limit combustion phenomena, such as ignition and extinction in 
engines. However, detailed chemical kinetic mechanisms are typically large and computationally 
expensive to apply in practical computational fluid dynamic (CFD) simulations. To resolve this 
difficulty, various methods for mechanism reduction have been developed over the last few 
decades to generate reduced mechanisms that can accurately mimic detailed mechanisms. For 
instance, the method of directed relation graph (DRG) features linear reduction time and was 
fully automated, rendering it highly efficient for skeletal reduction of extremely large 
mechanisms. In the present work, DRG is improved to handle the reduction of mechanisms 
involving large isomer groups, e.g. those for large hydrocarbon fuels. Expert knowledge was 
further incorporated into DRG to allow flexible error control on each individual species and heat 
release. The revised DRG method and DRG with expert knowledge (DRGX) are further 
compared with other DRG-based methods on their reduction errors. A systematic approach for 
mechanism reduction, including DRGX, isomer lumping and DRGASA, is then applied to 
develop skeletal mechanisms for various engine fuels, such as biodiesel surrogates and n-
dodecane for practical engine simulations. The reduction approach is also applied to study the 
effect of NO enrichment on the combustion of methane/ethylene mixtures. A reduced 
mechanism of ethylene was further developed for 3-D direct numerical simulation of a turbulent 
lifted ethylene jet flame in heated coflowing air. The recently developed method of chemical 
explosive mode (CEM) analysis (CEMA) was extended and employed to identify the detailed 
structure and stabilization mechanism of the lifted flame. 
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Chapter 1 Introduction 
1.1 Motivations 
Combustion of fossil fuels and biomass fuels constitutes a large portion of the global 
energy source, while other renewable sources, such as solar and wind power, are being pursued 
to supplement the combustion-based energy sources. In particular, hydrocarbon fuels will remain 
as the major combustion energy source at least in the next several decades. Combustion of 
hydrocarbon fuels is a major source of pollutant and greenhouse gas emissions, such as NOx, 
soot, CO, CO2 and unburned hydrocarbons. As such, an overarching objective of combustion 
research is to improve fuel efficiency and reduce emissions in next generation combustion 
devices. 
Experimental research is currently the primary approach in engine design. However, 
considering the tremendous cost involved in the experimental studies, predictive computational 
simulations could be a complementary approach to facilitate and reduce cost of engine design 
and optimization. Engine combustion is multi-physics and multi-scale in nature and involves 
strong couplings of chemical kinetics, turbulence, and spray. Simulations of advanced engine 
systems therefore require efficient and reliable models that can account for the fully coupled 
physical and chemical processes.  
Although there have been dramatic improvements in computer power and computational 
fluid dynamics (CFD) research over the last few decades, detailed chemistry of practical fuels 
remains unaffordable in most current CFD simulations, while it is important for combustion 
simulations due to the high accuracy and comprehensiveness in predicting complex flame 
behaviors and limit combustion phenomena, such as ignition and extinction. Detailed 
mechanisms of large hydrocarbons are highly complex as demonstrated in Fig. 1-1 [1], which 
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shows the sizes of many currently available mechanisms for practical fuels ranging from ethane 
to biodiesel and diesel surrogates. It is seen that while the detailed kinetic mechanisms for small 
hydrocarbons, such as methane and ethylene, typically consist of less than a hundred of species, 
those for practical engine fuels involve hundreds of species and thousands of reactions. For 
example, a recently developed detailed mechanism for n-alkanes from C8 to C16 consists of 2755 
species and 11173 reactions [2], and another detailed mechanism for biodiesel surrogate is 
comprised of more than 3000 species and 10000 reactions [3]. Detailed mechanisms with such 
large sizes are computationally prohibitive for multi-dimensional engine simulations.  It is 
further seen in Fig. 1-1 that the size of the detailed mechanisms tends to increase with time due 
to the rapid advancement in chemical kinetics. Therefore even larger mechanisms are expected to 
emerge in the future for more accurate and comprehensive description of hydrocarbon 
combustion.  
To enable predictive numerical simulations with realistic chemistry, the detailed 
mechanisms can be substantially reduced in size without significant loss of accuracy. The present 
study is an attempt to develop improved techniques for skeletal reduction of large hydrocarbons, 
e.g. those for practical engine fuel surrogates, which are amenable for 3-D CFD simulations. 
1.2 Background 
1.2.1 Mechanism Reduction 
An important approach to integrate detailed mechanisms to CFD simulations is to 
simplify the detailed kinetics through mechanism reduction. Mechanism reduction has been 
extensively studied with many methods developed in the last few decades as reviewed in Ref. 
[1]. These reduction methods roughly fall into two major categories. The first is skeletal 
reduction, which eliminates unimportant species and reactions from detailed mechanisms. The 
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second is based on time scale analysis, which approximates exhausted fast processes with 
algebraic equations.  
Skeletal reduction can be achieved through, for example, methods based on sensitivity 
analysis [4, 5] and principle components analysis (PCA) [6]. Unimportant species can also be 
eliminated through Jacobian based methods such as computational singular perturbation (CSP) 
[7-9]. These methods can be time-consuming for large mechanisms due to the large amount of 
rate evaluations in computing the sensitivity and Jacobian matrices. In contrast, methods based 
on local reaction fluxes can be efficient to apply. Such methods include, for example, the 
detailed reduction [10], directed relation graph (DRG) [11], and DRG-based methods such as 
DRG with error propagation (DRGEP) [12], and the path flux analysis (PFA) [13]. The DRG-
based methods can be combined with sensitivity-based methods, e.g. DRG-aided sensitivity 
analysis (DRGASA) [14, 15] and DRGEP and sensitivity analysis (DRGEPSA) [16], to achieve 
an optimal balance between the reduction cost and the size of the resulting skeletal mechanism.   
The second level of reduction involves time scale analysis, which approximates the 
differential description of fast reacting species with algebraic equations obtained by assuming 
that the fast chemical processes are exhausted. Such time scale analysis includes, for example, 
quasi steady state approximations (QSSA) [4, 17-26], partial equilibrium approximations (PEA) 
[27, 28], CSP [29-32], intrinsic low-dimensional manifold (ILDM) [33-35], pre-image curve 
(PIC) [36, 37] , and rate-controlled constrained equilibrium (RCCE) [38-42].  
In addition to skeletal reduction and time scale based reduction, lumping is another 
reduction approach that groups similar species for reduced number of variables [43-47]. Since 
mechanisms of large hydrocarbons usually consist of a large number of isomers, which feature 
similar thermodynamic and transport properties, the method of isomer lumping [48, 49] can be 
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particularly useful to reduce the size of detailed and skeletal mechanisms for large hydrocarbons, 
such as gasoline, diesel and biodiesel fuels.  
1.2.2 Kinetic Models for Large Engine Fuel Surrogates 
It is noted however that, although there have been a large number of methods developed 
for mechanism reduction, reduced mechanisms for large engine fuel surrogates, such as biodiesel 
and n-dodecane, that are suitable for 3-D engine simulations are rare, particularly when low-
temperature chemistry is involved. This is primarily because of the large sizes of detailed 
mechanisms and consequently the difficulties in the reduction itself. Taking biodiesel as an 
example, in previous works, a reduced mechanism with low-temperature chemistry for methyl 
butanoate (MB) was developed by Brakora et al., and validated under engine conditions [50]. 
The reduced mechanism consists of 41 species and 150 reactions, which is rather small for 3-D 
engine combustion simulations. However, the chain length of MB is short compared with that of 
real biodiesel. Hence it is inadequate to accurately represent the physicochemical properties of 
biodiesel. Moreover, it is observed in experimental and kinetic studies that MB does not 
adequately characterize the negative temperature coefficient (NTC) behavior of large 
hydrocarbons [51], and its mechanism does not accurately predict the flame lift-off and emission 
characteristics of biodiesel combustion [52].  
Methyl decanoate (MD) was later recognized as a more viable surrogate to biodiesel fuels 
since it features a long carbon chain as well as the ester group. A comprehensive and accurate 
skeletal mechanism for MD with low temperature chemistry was derived using DRG for 1-D 
flame analysis by Sarathy et al. [53]. However, this skeletal mechanism consists of more than 
600 species and thus is not suitable for 3-D engine simulations. Skeletal mechanisms for the 
biodiesel surrogate were then developed using DRG-based methods and isomer lumping [54, 
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55]. The surrogate mixture consists of MD, methyl-9-decenoate (MD9D) and n-heptane, which 
allows the flexibility in matching the physical and important combustion properties of real 
biodiesel from different feed-stocks. For example, the ignition delay times can be fine-tuned by 
varying the composition of the surrogate mixture to match the data of the real fuels [3].  
  n-Dodecane is another promising surrogate for diesel fuels. Several studies on kinetic 
modeling of n-dodecane have been performed over the last decade [2, 56, 57]. A mechanism for 
n-dodecane ignition was proposed by Sahetchian et al. to interpret the observations in diesel 
ignition experiments [56]. Recently, a detailed chemical kinetic model for n-alkanes up to n-
dodecane has been developed by You et al. [57] for high temperature applications. However, 
there is still a lack of accurate and computationally affordable chemical kinetic models for n-
dodecane with the low-temperature chemistry that can be coupled to spray-combustion models.  
1.3 Objectives and Organization of the Dissertation 
The dissertation is an effort to develop efficient reduction strategies for large engine fuel 
surrogates and generate accurate skeletal mechanisms amenable for 3-D engine simulations. 
In the second chapter of the dissertation, the basic concepts and formulation of DRG will be 
introduced first. Then a reduced mechanism for methane/ethylene mixture with NOx enrichment 
is developed using DRG-based methods from an extended detailed C1-C4 mechanism with 
updated NOx chemistry. Both mechanisms are validated against available experimental data to 
demonstrate their fidelities. The effect of NOx on methane/ethylene oxidation is further 
discussed. 
In the Chapter 3, the DRG method is improved to develop a skeletal mechanism for 
biodiesel surrogates. Large hydrocarbons such as biodiesel feature large isomer groups, and they 
are usually important for fuel oxidation in the negative temperature coefficient (NTC) regime, 
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which is frequently involved in engine combustion. A systematic approach including a revised 
DRG, isomer lumping and DRGASA are applied to develop a high-temperature skeletal 
mechanism for biodiesel surrogates. Comprehensive validations of the skeletal mechanism 
against the detailed mechanism and experimental data are presented. 
The DRG and revised DRG methods are then compared to other DRG-based methods, 
including DRGEP and PFA, in Chapter 4. The algorithms for different DRG-based methods are 
discussed in detail. The accuracies of skeletal mechanisms developed by the DRG-based 
methods are first compared based on local and global reduction errors.  The efficiencies of those 
methods were then compared by applying them to detailed mechanisms for various 
hydrocarbons; from small molecules of methane to large hydrocarbons such as biodiesel.  
Following the comparison studies of different DRG-based method, Chapter 5 presents an 
extended DRG method, namely DRG with expert knowledge (DRGX), for skeletal mechanism 
reduction. DRGX allows user-specified error control on each individual species and heat release 
compared to the original DRG method, and it is able to develop more accurate skeletal 
mechanisms with similar sizes compared to that by the DRG method. The algorithm of DRGX is 
discussed. The advantages of DRGX on species and heat release error control in comparison 
with the original DRG are then demonstrated using various hydrocarbon mechanisms.  
Chapter 6 presents two highly reduced skeletal mechanisms for engine combustion of n-
dodecane and biodiesel, respectively, developed using the revised DRG/DRGX methods 
proposed in the present dissertation. DRGX together with DRGASA is applied to develop 
skeletal mechanism of n-dodecane and a skeletal mechanism for biodiesel surrogate. The 
DRGASA is revised to incorporate error cancelation to facilitate the reduction to a larger extent. 
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Those mechanisms are validated in 0-D, 1-D and 3-D experiments to show their accuracies as 
surrogate of the detailed models for 3-D engine simulations. 
In Chapter 7, a reduced mechanism with high accuracy for ethylene-air is developed 
using DRG-based methods. The reduced mechanism is applied in a 3-D direct numerical 
simulation (DNS) dataset of a turbulent lifted ethylene jet flame in heated coflowing air. A 
recently developed method of chemical explosive mode (CEM) analysis (CEMA) is extended 
and employed to identify the detailed structure and stabilization mechanism of the ethylene 
flame. The advantage of CEMA on flame visualization and computation diagnostics compared to 
other traditional methods such as individual species concentrations or temperature is shown.  
Finally, the results of the dissertation are summarized in Chapter 8. Possible future 
extensions are discussed. 
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Figure 1-1. Dependence of mechanism size for selected hydrocarbon fuels on the molecular size 
and mechanism release date. 
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Chapter 2 A Reduced Mechanism for Ethylene/Methane Mixtures with  
Excessive NO Enrichment 
2.1 Introduction 
Lean blow-out (LBO) of non-premixed jet flames is an important topic on flame 
stabilization in scramjet research. Computational study of LBO is complicated by the complex 
chemical kinetics and the large number of components in practical jet fuels. In such cases, fuel 
components with dramatically different chemical properties, such as ignition delay, extinction 
time, and laminar flame speed, can be blended and serve as surrogates of practical jet fuels [58]. 
In particular, methane and ethylene feature drastically different chemical reactivities while 
sharing similar diffusivities. Moreover, the oxidation kinetics of methane and ethylene has been 
extensively studied and multiple detailed kinetic mechanisms have been developed, such as those 
in Refs. [59-61]. The blends of these two fuels may therefore be practically viable surrogates for 
efficient simulations of ignition, extinction, and flame propagation of jet fuel flames in scramjets.  
Since arc-heaters were frequently utilized in scramjet experiments to preheat the co-
flowing air, excessive NO may form through the thermal NO pathway in the high temperature 
zones near the arc heater [62]. However, the effect of high NO concentration on fuel oxidation is 
not completely clear. As such, numerical investigations with detailed chemistry for methane and 
ethylene mixtures with accurate NO reaction pathways can be a viable approach to understand 
the effect of NO on fuel oxidation. However, although detailed kinetic mechanisms are typically 
comprehensive and feature good accuracy, they are typically large and time consuming for 
practical CFD simulations. For example, the detailed USC Mech-II for C1-C4 [59] consists of 
more than a hundred species and approximately eight hundred reactions. Mechanism reduction is 
therefore necessary before such large mechanisms can be efficiently applied to CFD simulations 
of complex flow fields.  
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As reviewed in Chapter 1. Mechanism reduction has been extensively studied and many 
methodologies have been developed in the last few decades [1]. In particular DRG and DRG-
based methods have been shown to be highly efficient for skeletal reduction. In the present 
study, a systematic approach outlined in Ref. [1], which integrated the DRG-based skeletal 
reduction and QSSA-based time scale reduction, is extended to reduce the detailed USC 
mechanism for methane/ethylene mixtures with both low and high NO concentrations in a 
parameter range that is relevant to scramjet applications. The DRG method will be discussed in 
detail. The effect of NO enrichment on the reduced mechanism is further investigated. 
2.2 Methodologies 
2.2.1 The Starting Mechanism 
In the present study, the detailed USC mechanism for C1-C4 oxidation [59] is employed 
as the starting mechanism for the reduction, grafted with the NO sub-mechanism from GRI 3.0 
[63]. It is noted that while GRI 3.0, including the NOx subcomponent, is an optimized 
mechanism, the rate parameters were only tuned within the uncertainty ranges, such that the 
detailed chemical reaction paths were not substantially altered through the optimization [61].  As 
such it can be feasible to extract a subcomponent from a carefully optimized mechanism and 
merge it to different fuel oxidation mechanisms. Nevertheless, to account for the recent works on 
NO chemistry, rate parameters of five elementary reactions involving NO formation were 
updated based on the literature data published after the release of GRI-Mech 3.0 [64-67]. A 
summary for the updated reaction rates is given in Table 2-1. The following reactions, R2-1 to 
R2-3, involving low temperature NOx chemistry were further added into the detailed mechanism 
to account for the NOx catalytic effect [68-70]. 
CH3 + NO2 = CH3O + NO              (R2-1) 
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CH3O2 + NO = CH3O + NO2           (R2-2) 
CH3 + O2 + M = CH3O2  + M           (R2-3) 
The resulting detailed mechanism consists of 129 species and 900 elementary reactions, 
and thus is substantially larger than the detailed mechanism for ethylene oxidation that was 
reduced in a previous work [11]. The detailed mechanism will be validated against experiment 
measurements in Section 2.3.1.   
The reduction of the detailed mechanism was performed within the parameter range of 
NO concentration from 0-3% (in mole), pressure from 0.5 to 10 atm, equivalence ratio from 0.5 
to 2.0, initial temperature from 1000 to 1800 K for auto-ignition, and 700 K for extinction in 
perfectly stirred reactors (PSR). The fuel mixture consists of methane and ethylene in various 
ratios. Note that the parametric space for the reduction of binary fuel mixtures is one-dimension 
higher than that of single-component fuels, as such the sample space, and consequently the 
reduction cost, for fuel blends is substantially larger. Reaction conditions were sampled at 
approximately 100 discrete combinations of the above parameters, which densely cover the 
entire parameter range of interest, resulting in a large sample space consisting of about 6000 
reaction states for auto-ignition and extinction in PSR. A local skeletal mechanism was obtained 
for each of the reaction states, and the union of all these local skeletal mechanisms constitutes 
the global skeletal mechanism that is valid over the entire parametric space. The worst case error 
tolerance of the reduction was set to be 20%. 
2.2.2 Skeletal Reduction with DRG method 
  The first step of the reduction is to eliminate unimportant species and reactions from the 
detailed mechanism and to obtain skeletal mechanisms. DRG was employed as the first reduction 
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step for low computation cost and controllable reduction error [11]. In DRG, the coupling of a 
pair of species, A and B, was quantified as the relative error induced to A by the elimination of B: 
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Where A,i is the stoichiometric coefficient of species A in the ith reaction, and i is the net 
reaction rate for the ith reaction. Each term in the denominator is the contribution of a reaction to 
the production rate of A, and the numerator consists of the terms in the denominator that also 
involves B. If the relative error rAB is smaller than a user-specified threshold value ε, say 0.1, the 
error to A induced by the elimination of B is considered negligible. Otherwise B is important to A 
and it should be retained if A is retained in the skeletal mechanism. By further requiring that a set 
of starting species, such as the fuel and oxidizer, be retained initially in the skeletal mechanism, 
all the species required either directly or indirectly by the starting species can be systematically 
identified through a graph search, such that the skeletal species set is obtained.  
In previous works of mechanism reduction by DRG [11, 71]  graph search started mostly 
from one or a few major species, such as fuel and oxidizer, which are known to be important. 
While such selection was effective for the reduction of single-component fuels, it may be 
inapplicable to fuel blends because one or more fuel components may be absent for certain 
mixtures. For example, since methane doesn’t appear as a major reactant in ethylene-air 
mixtures, it should not be always included as a starting species in the graph searching. Instead, 
since H radical is an important species for all the mixtures and reaction states in the present 
reduction, it is selected as the starting species for graph searching in the following. For the same 
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reason, H radical can also be the starting species in the reduction of other hydrocarbon fuels with 
DRG. 
Figure 2-1 shows the number of species in the skeletal mechanisms obtained with DRG 
as a function of the threshold error tolerance ε. A skeletal mechanism with 77 species was 
consequently obtained by specifying ε = 0.1, where a major jump was observed on the reduction 
curve. Note that although a slightly smaller mechanism can be obtained by specifying a larger 
threshold value, e.g. ε = 0.15, such a minor reduction in mechanism size may result in a 
relatively substantial increase in the reduction error in DRG. Furthermore, it was shown that 
specifying an aggressive error tolerance in DRG, say ε = 0.2, may result in the elimination of 
important species [11, 72]. Therefore a conservative selection of error tolerance is recommended 
for the DRG reduction, particularly if it is followed by DRGASA, which can safely minimize a 
skeletal mechanism with guaranteed accuracy. 
As discussed in Refs. [14, 15], the major factor that lends DRG-deduced skeletal 
mechanisms for further reduction is that every retained species is considered of equal importance 
in DRG, while in many practical applications the accurate prediction of some minor species may 
be less important than that of the major species, such as the fuel, or the global parameters, such 
as temperature and pressure. DRGASA was thereby developed to fulfill the practical need to 
obtain minimum skeletal mechanisms that can at least accurately predict the important 
parameters of interest. DRGASA is nevertheless more CPU-time demanding than DRG due to 
the need of iterative evaluations of such global parameters as ignition delays, extinction times, 
and laminar flame speeds. As such, DRGASA is only suitable to reduce skeletal mechanisms of 
moderate sizes, preferably after the DRG reduction. 
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In DRGASA, the information from the DRG reduction is employed to reduce the number 
of species to be analyzed with expensive sensitivity analysis. Specifically, in the present study, 
the species with critical value of ε < 0.1 in Fig. 2-1 were considered unimportant by DRG, thus 
can be safely eliminated. The species with ε > 0.5 are strongly coupled with the major species, 
and thereby they are automatically retained in the skeletal mechanism. The species with ε 
between 0.1 and 0.5 may not be safely eliminated with DRG, such that sensitivity analysis was 
applied. Based on the reduction curve in Fig. 2-1, 58 species were included for sensitivity 
analysis in the present study. 
The target global parameters in the DRGASA include ignition delays of isobaric 
adiabatic auto-ignition, extinction residence time of PSR, and laminar premixed flame speeds. 
By specifying a worst case relative error of 20%, DRGASA retained 44 species in the final 
skeletal mechanism, namely Ar, N2, H, O, N, OH, HO2, H2, H2O, H2O2, O2, C, CH, CH2,  CH2* 
(singlet methylene), CH3, CH4, HCO, CH2O, CH3O, CH3OH, CO, CO2, C2H2,  H2CC 
(vinylidene),  C2H3, C2H4, C2H5, C2H6,  HCCO (ketenyl radical), CH2CO (ketene), CH2CHO, 
CH2OCH2 (ethylene oxide),  aC3H5 (allyl), aC3H4, C3H6, nC3H7, C4H81 (1-butene), NO, NO2, 
HCNO, HNCO, NCO and CH3O2. The reactions involving any eliminated species were also 
removed from the mechanism, resulting in 269 retained elementary reactions. It is noted that 
while DRGASA is time-consuming, it can be readily expedited through parallel computation. It 
takes less than about one day in wall-clock time to obtain the present skeletal mechanism with 
DRGASA using 32 Intel(R) Xeon(TM) 3.2 GHz processors.  
2.2.3 Further Reduction with QSSA 
The 44-species skeletal mechanism was further reduced by eliminating the fast-depleting 
radicals by approximating them to be in steady state. There are several methods, e.g. CSP [31] 
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and ILDM [33], that can be employed to decouple the fast chemical modes from the slow ones in 
detailed chemical kinetics. In the present study, a critical time scale, τc, was selected for each 
reacting system to separate the fast and slow chemical modes, such that the chemical processes 
with a time scale shorter than τc can be considered exhausted for a residence time much larger 
than τc. Specifically, the extinction residence time of PSR and auto-ignition delay time were 
selected as τc for extinction and ignition applications, respectively. Once the fast and slow modes 
are separated, QSS species can be identified using a CSP-based criterion, that is, a species is a 
good QSS candidate if it is only projected to the exhausted fast modes. Consequently, 5 species, 
namely C, CH, CH2, CH2*, and H2CC were identified as globally valid QSS species, and a 39-
species reduced mechanism was obtained with the elementary reactions lumped to 35 semi-
global steps. Note that the number of QSS species is smaller than that in the previously reduced 
mechanisms for either CH4 or C2H4 [11, 19], because the set of QSS species for fuel mixtures is 
expected to be a subset of that for each individual fuel component. The reduced mechanism is 
available in Appendix A. 
The QSS species concentrations were solved analytically using a recently developed 
method of LQSSA [73], which linearizes the QSS equations based on the physical observation 
that QSS species exist in low concentrations, such that reactions involving more than one QSS 
reactants are typically slow. Compared with the previous method using internal algebraic 
iterations for solving the QSS equations, the reduced mechanisms with analytically solved QSS 
equations are more efficient and robust to apply, particularly for numerical simulations involving 
complex flame conditions.   
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2.3 Results and Discussion 
2.3.1 Mechanism Validation 
The detailed mechanisms with the original and updated NO subcomponent, respectively, 
from GRI 3.0 were first validated against experimental measurements for hydrogen oxidation 
with high NOx enrichment. Figure 2-2 compares the calculated ignition delay time for 
stoichiometric hydrogen-air mixture with various NO enrichments, pressures and initial 
temperatures [74]. It is seen in Fig. 2-2 that the predicted results with all three mechanisms are 
overall in good agreement with the experiments, while slight over-prediction can be observed at 
low pressure of 0.5 atm. Figure 2-3 further shows the comparison between the measured [75] and 
calculated ignition delay time as a function of the initial temperature for methane-oxygen-argon 
mixture with various NO2 enrichments. It is found that the simulated results with the detailed and 
reduced mechanisms agree well with the measured values with NO2 mole fraction lower than 
1%, while the prediction with the detailed mechanism with updated NO subcomponent is 
substantially improved compared with that of the original NO subcomponent in GRI 3.0 under 
high concentrations of NO2 (larger than 1%). Figure 2-4 compares the simulated and measured 
[76] species profiles of methane oxidation with 200 ppm of NO in jet stirred reactors (JSR). The 
detailed mechanism with updated NO sub-mechanism predicts the species profiles well for 
temperatures above 950 K, while substantial discrepancies between the calculations and 
measurements can be observed for temperatures below 950 K. Since the detailed USC 
mechanism was primarily validated for high temperature applications, say T > 1000 K, the 
present detailed and reduced mechanism should not be used for low-T applications without case-
specific validation. It is further noted that the species profiles for H2O and CO predicted with the 
detailed mechanism with the original NO sub-mechanism from GRI 3.0 fall out of the displayed 
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range. Based on the above validation, we shall focus only on the comparison and validation of 
the detailed mechanism with updated NO sub-mechanism in the following study.  
The 44-species skeletal mechanism and the 35-step reduced mechanism for methane-
ethylene mixtures with NO enrichment were then validated against the detailed mechanism in 
homogeneous applications including auto-ignition and PSR, and diffusive systems represented 
by laminar premixed flames. Figure 2-5 shows the calculated ignition delay time as a function of 
the mole fraction of ethylene in the fuel for stoichiometric mixtures with different NO 
concentrations, pressures and initial temperatures. It is seen that the skeletal and reduced 
mechanisms agree closely with the detailed mechanism for the displayed conditions. It is further 
noted that the ignition delay at T0 = 1000 K is more sensitive to ethylene concentration in the fuel 
mixture than that at T0 = 1600 K. A major reason is that the high NO concentration has 
substantially larger impacts on methane and ethylene ignition at T0 = 1000 K compared with that 
at T0 = 1600 K. This will be further discussed in the next section (Fig. 2-10).  
Figure 2-6 shows the temperature profiles of PSR calculated using the detailed, skeletal 
and reduced mechanisms, respectively, at various NO concentrations, equivalence ratios and fuel 
compositions. It is seen that the reduced mechanism accurately predicts the branches above the 
upper turning points, which are known as the extinction states, and substantial portions of the 
branches below the extinction states. Note that the slightly increased reduction error on the lower 
portion of the curves at 3% NO is only of minor practical significance. This is because the 
branch above an extinction point is physically stable and is of relevance to practical applications, 
while a branch below a turning point is physically unstable and is difficult to observe. The 
reaction states on the unstable branches were therefore not included in the sample space for the 
reduction. 
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It is noted that double turnings exist in the curves for the fuels with high mole fraction of 
ethylene and NO enrichment as shown in Fig. 2-6. Since such a phenomenon has not been 
observed in previous studies on the kinetic mechanism involving ethylene [11], it is likely that 
the double turnings are related to NOx reaction pathways. They will result in two stable branches 
of the extinction curve, and may complicate numerical solutions involving the extinction of 
steady-state flames, because non-unique solution may exist in such cases. This will be further 
investigated in the next section. To further quantify the error in the reduced mechanism, Figure 
2-7 shows the relative error between the detailed and reduced mechanisms measured for various 
pressures, NO concentrations and equivalence ratios. It is seen that the relative error in ignition 
delays and extinction residence times is smaller than 10% for the entire parameter range.   
 The skeletal and reduced mechanisms are then validated for diffusive systems. Figure 2-
8 shows the flame speeds for 1-D laminar premixed flames as a function of the equivalence ratio. 
The flame speeds calculated with the skeletal and reduced mechanisms are close to those of the 
detailed mechanism, with the worst case error being less than 3 cm/s.  
The above validation thereby indicates that the reduced mechanism may substitute the 
detailed model over a wide parameter range for a variety of mixtures of methane and ethylene 
with NO enrichment. 
2.3.2 The Effects of NO on Fuel Oxidation and Extinction  
The effects of NO enrichment on the oxidation, extinction and laminar flame of methane-
ethylene mixtures can be further analyzed by investigating Figs. 2-(6, 9-11). By revisiting Fig. 2-
6, which shows the temperature profiles of PSR for the fuel mixtures without NO enrichment as 
well as that with excessive NO, it is seen that while there is no double turnings for the cases 
without NO, there are double turnings with excessive NO enrichment. As such, it is clear that 
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NO enrichment is a primary reason causing the multiple turnings. It was further found that the 
effect of NO on fuel oxidation depends on both NO concentration and temperature. It is seen in 
Fig. 2-9 that, while trace amount of NO, say 1-10 ppm, has only minor effects on the ignition 
delays, high NO concentrations can substantially affect the auto-ignition of the fuel mixtures at 
low initial temperatures, say around 1000 K. In contrast, NO shows little effect on ignition 
delays at high initial temperatures, say T0 = 1600 K, as can be seen in Fig. 2-9b. Figures 2-
(10,11) further show that the effect of NO enrichment is insignificant on the extinction residence 
time of PSR and laminar flame speeds, both of which are dominated by high temperature 
chemistry. This observation therefore suggests that temperature plays a critical role in 
determining the effect of NO enrichment on fuel oxidation. While it is important to include NO 
in the prediction of low-temperature applications, NO reactions may be ignored for high-
temperature fuel oxidation, even for NO concentrations higher than 1% in mole. This trend can 
be explained by examining the list of species in the reduced mechanism. It was found that NO, 
NO2, HCNO, HNCO, and NCO are important species to capture the effects of NO enrichment on 
ignition and extinction of mixtures through the mechanism reduction process. It is particularly 
noted that radical N, which is an important species for thermal NO formation, was found to be 
unimportant for low temperature applications in the present reduction. This result suggests that 
the thermal NO reaction pathways are not the primary channels where NO interacts with other 
fuel-derived species. Instead, the prompt NO pathways and the corresponding N-containing 
intermediate species play important roles in altering fuel chemistry at low temperatures, say 
between 1000 K and 1600 K. Furthermore, by revisiting Fig. 2-2, it can be seen that since the 
ignition delay time for H2-air-NO mixtures also strongly depends on NO concentration, it is 
expected that the N-containing species may also strongly interact with the radicals, such as H, O, 
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and OH, in the hydrogen chemistry at low temperatures. As such, the strong effect of high NO 
concentrations on low temperature chemistry, e.g. the double turnings in the middle branches of 
the extinction curves of PSR in Fig. 2-6 at high NO concentrations, is shown.  
It is noted that while the reaction “CH+N2=HCN+N” is important for prompt NO 
formation, as recently studied in Refs. [77, 78], it was found in the present work that this reaction 
does not significantly affect fuel oxidation and such system parameters as ignition delay, 
extinction time, and flame speed. This reaction was therefore automatically eliminated in the 
skeletal reduction. Nevertheless, the importance of another reaction “CH+N2=NCN+H” for 
prompt NO formation is difficult to examine in the present study because the species NCN is 
missing in the present detailed mechanism. This topic merits further study in the future.   
2.4 Conclusion 
A 35-step reduced mechanism for methane-ethylene mixtures with excessive NO 
enrichment was developed by subsequently applying DRG, DRGASA, and QSSA. The detailed 
mechanism was obtained by merging the updated NOx sub-mechanism from GRI 3.0 to the 
detailed USC Mech-II. The detailed mechanism was first validated against available 
experimental data with NO enrichment, and the effects of the updated prompt NO reactions for 
low temperature fuel oxidation was shown. The reduced mechanism was then validated with the 
detailed mechanism over a wide range of parameters in homogenous and diffusive systems, 
showing that the reduced mechanism can be an accurate substitute over a wide range of 
parameters. 
H radical was selected as a universal starting species for DRG reduction. This simplifies 
the selection of starting species in DRG when multi-component fuel blends are involved. It is 
further noted that NO is not included as a starting species in the present DRG reduction, since the 
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formation and consumption of NO is not of the primary interest when excessive amount of NO 
already exists in the mixtures. 
The effects of NO enrichment on methane-ethylene mixtures were consequently studied 
with the skeletal and reduced mechanisms, and the substantial effect of NO concentrations on the 
low-temperature fuel oxidation was further identified. Prompt NO pathways were found to be 
important in ignition at low initial temperatures, where thermal NO pathways show less 
importance for fuel oxidation.  
The detailed and reduced mechanisms were both employed to predict the available 
experimental measurements of practical fuel oxidation with NOx enrichment. Encouraging 
agreement was observed with the updated detailed mechanism and reduced mechanism. 
Nevertheless, it is worth noting that, limited by the scarce experimental data on fuel oxidation 
with high NO concentrations, the detailed and the reduced mechanisms in the present work 
cannot be considered adequately-validated thus far, although the reduced mechanism precisely 
mimics the detailed mechanism. Additional experimental datasets are therefore highly important 
to eventually result in a fully-validated reduced model for quantitative prediction of practical 
applications with high NO concentrations.  
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Figure 2-1 Dependence of number of species in the skeletal mechanism as a function of the user-
specified error threshold value ε for DRG reduction for methane-ethylene mixtures in air 
enriched with 0-3% NO (in mole). 
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Figure 2-2 Comparison of predicted and measured [74] ignition delay time of stoichiometric 
hydrogen in air with various NO concentrations, pressures and initial temperature. The 
calculation was performed with the detailed mechanisms with the original and updated NO sub-
mechanism, respectively, and the 35-step reduced mechanism. 
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Figure 2-3 Comparison of predicted and measured [75] ignition delay time as a function of the 
initial temperature for CH4-O2-Ar mixture with various NO2 enrichment.  The calculation was 
performed with the detailed mechanisms with the original and updated NO sub-mechanism, 
respectively, and the 35-step reduced mechanism. 
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Figure 2-4 Species profiles for the oxidation of methane in a JSR at pressure of 10 atm, 
equivalence ratio ϕ = 0.5, with 200 ppm of NO and 2500 ppm of CH4, and residence time of τ = 
1 s. Experiment (symbols) measurement was from Ref. [76], and the calculation was performed 
using the detailed mechanism with the original (dotted lines) and updated  (solid lines) NO sub-
mechanisms, respectively, and the 35-step reduced mechanism (dotted lines+symbols). 
 
 
 
 
800 850 900 950 1000 1050
10
-5
10
-4
10
-3
10
-2


p   atm
 Temperature, K
 M
o
le
 F
ra
c
ti
o
n
 
 
CH
4
NO
CO
2
H
2
O
 
 
28 
 
 
 
Figure 2-5  Ignition delay time for stoichiometric methane-ethylene mixture in air with 0-3% 
NO (in mole), as a function of the mole fraction of ethylene in fuel, α, for constant pressure auto-
ignition, calculated with the detailed, the 44-species skeletal and the 35-step reduced 
mechanisms, respectively. 
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Figure 2-6 The temperature profiles of PSR for methane-ethylene mixtures in air with 0-3% NO 
(in mole), at various equivalence ratios, mole fractions of ethylene, α, in fuel, pressure of 2 atm 
and inlet temperature of 700 K, calculated with the detailed, the 44-species skeletal and the 35-
step reduced mechanisms, respectively. 
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Figure 2-7 Relative error measured between the detailed mechanism and reduced mechanism, 
for auto-ignition (a)-(c) and extinction in PSR (d)-(f), for different pressures, NO concentrations, 
and equivalence ratios. 
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Figure 2-8 1-D laminar flame speed as a function of the equivalence ratio for methane-ethylene 
mixture in air with 1% NO (in mole) at various mole fractions of ethylene, α, in fuel and pressure 
of 2 atm. 
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Figure 2-9 Ignition delay time as a function of the concentration of NO for stoichiometric 
methane-ethylene mixtures at the initial temperatures of (a) 1000 K and (b) 1600 K, and various 
fuel compositions, calculated with the detailed, the 44-species skeletal and the 35-step reduced 
mechanisms, respectively. 
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Figure 2-10 Extinction residence time of PSR as a function of the concentration of NO for 
stoichiometric methane-ethylene mixtures at various fuel compositions, calculated with the 
detailed, the 44-species skeletal and the 35-step reduced mechanisms, respectively. 
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Figure 2-11 Laminar flame speeds as a function of the concentration of NO for stoichiometric 
methane-ethylene mixtures with various fuel compositions, calculated with the detailed, the 44-
species skeletal, and the 35-step reduced mechanisms, respectively. 
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Table 2-1. List of the updated rate parameters for NO formation 
Reactions Rate coefficients in GRI3.0 Updated rate coefficients 
       A             n    E(cal/mole)          A            n      E(cal/mole)   
NCO+O=NO+CO   2.35E13         0                 0    2.00E15      -0.50           0 
  [Gao & MacDonald, 2003] 
NCO+OH=NO+H+CO 
 
  0.25E13         0                 0    8.30E12     -0.10        75488 
     [Dean & Bozzelli, 2000] 
HNCO+O=NCO+OH   2.20E06      2.11         11400    2.20E06      2.11        47823 
         [Baulch et al., 2005] 
HNCO+H=H2+NCO   1.05E05      2.50         13300    9.00E07      1.70       58158 
         [Baulch et al., 2005] 
HCCO+NO=HCNO+CO   0.90E13         0                0    5.5E10          0            1830 
       [Faravelli et al., 2003] 
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Chapter 3 A Revised Directed Relation Graph Method for Skeletal Reduction 
of Large Hydrocarbons: Biodiesel 
3.1 Introduction 
Biodiesel is a promising alternative fuel for compression ignition engines. It is a 
renewable energy source that can be used in existing diesel engines without significant 
modifications. Biodiesel is primarily comprised of fatty acid methyl esters (FAME) and can be 
obtained from vegetable oils, animal fat, and waste cooking oils. Reduction in emissions of CO 
and unburned hydrocarbons (HC) was observed in engines burning biodiesel without reduced 
performance [79].   
Biodiesel is a mixture of a large number of oxygenated components with varying chain 
lengths, and it is not practical to model the combustion process of every involved fuel 
component. For simplification, individual long-chain alkanes, such as n-hexadecane, have been 
used as biodiesel surrogates. However, the lack of the ester functional group is undesirable. The 
state-of-the-art in modeling compression ignition engines with biodiesel involves such surrogate 
fuels as methyl butanoate [50, 80], which consists of ester groups whereas the carbon chain 
length is still too small compared with that of real biodiesel. Recently, mixtures of methyl 
decanoate (MD) and other hydrocarbons with long chains and unsaturated bonds were further 
used as biodiesel surrogates [3, 54, 81]. Such multi-component surrogates can also match 
multiple targets such as ignition delay, flame propagation speed, and distillation curve of real 
biodiesel, thereby can better describe biodiesel combustion. Detailed mechanisms for pure MD 
and its blend with other surrogate components were also compiled [3, 81] for accurate 
description of biodiesel combustion. 
However, the detailed chemical kinetic mechanisms of biodiesel are highly complex, 
even for surrogate mixtures with a few components. The recently published detailed mechanism 
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for MD is comprised of more than 3000 species and 8000 reactions [81], and that for the mixture 
of MD, methyl-9-decenoate (MD9D), and n-heptane has 3299 species and 10806 reactions [3]. 
Therefore, the mechanisms for biodiesel are among the largest for practical fuels. As such, 
numerical investigations with detailed biodiesel chemistry are severely restricted except for some 
zero-dimensional applications, although multiple experimental and kinetic studies for biodiesel 
and its surrogate mixtures have been performed, e.g. in Refs. [54, 82-87]. As such mechanism 
reduction needs to be performed to integrate realistic chemistry into practical flow simulations 
without significant loss of accuracy.  
In the present study, an integrated method that combines skeletal reduction and isomer 
lumping will be employed to derive a reduced mechanism for biodiesel, which can be 
accommodated in practical engine simulations. DRG method will be revised to handle large 
detailed mechanism of biodiesel which involves multiple isomer groups.  
3.2 Reduction Methodologies 
The detailed mechanism developed by Herbinet et al. [3] for the mixture of MD, MD9D, 
and n-heptane is employed as the starting mechanism for the following reduction. The detailed 
mechanism consists of 3299 species and 10806 elementary reactions. The reduction of such a 
large mechanism is therefore highly time-consuming and has rarely been reported. 
A systematic approach that consists of DRG, isomer lumping, and DRGASA is applied to 
reduce the detailed mechanism. The method of DRG is revised to be suitable for mechanisms 
with large groups of isomers. The reduced mechanism is tested over a wide parameter range in 
zero- and one-dimensional applications that is relevant to high temperature engine combustion. 
The reduction was based on a set of reaction states densely sampled from auto-ignition, PSR that 
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is a typical high temperature extinction application, and jet stirred reactors (JSR) with diluted 
mixtures and intermediate temperatures.  
To derive a skeletal mechanism suitable for diesel engine applications, the reduction was 
performed within the parameter range of pressure from 1 to 100 atm and equivalence ratio from 
0.5 to 2.0. The initial temperature for ignition problems was set to be from 1000 to 1800 K. The 
inlet temperature is 300 K for extinction applications in PSR. It is noted that low-temperature 
chemistry, which is important in some diesel engine ignition studies, is not included in the 
present reduction, such that a sufficiently small mechanism for high temperature engine 
applications can be obtained. The reduced mechanism that preserves low-temperature chemistry 
is expected to be substantially larger and will be explored in the future work.  
The fuel surrogate consists of MD, MD9D and n-heptane in equal mole fractions. Based 
on the nature of the reduction, the resulting reduced mechanism is likely to be valid also for 
different mixture compositions, which can be verified through extended mechanism validation.  
3.2.1 Skeletal Reduction with Revised DRG 
DRG is an efficient method for skeletal mechanism reduction. It features a linear-time 
algorithm, which reduces large detailed mechanisms with a cost that is linearly proportional to 
the number of species and reactions [71]. Therefore, DRG is particularly suitable to be applied as 
the first step to reduce the large biodiesel mechanism in the present study. More time consuming 
methods can be subsequently applied to further reduce the skeletal mechanism obtained by DRG. 
As discussed in section 2.2.2. DRG first abstracts species couplings to a directed graph, 
each vertex of which is a species and each directed edge, say A→B, indicates the dependence of 
a species, A, on another species, B. The species that are strongly coupled to the major species, 
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such as the fuels, can be efficiently identified with a revised depth-first search (RDFS) [71]. In 
the present study, the dependence of species A on species B is formulated as: 
 
max
max
,
,
iiAi
BiiiAi
ABr


 , 




otherwise,0
B involvesreaction ith   theif,1
Bi ,        (3-1) 
where rAB is the relative error induced to species A by the elimination of B, the subscript i 
indicates the i
th
 elementary reaction, A is the net stoichiometric coefficient of species A, and  is 
the net reaction rate.  
It is seen that the definition of rAB in eq. (3-1) is slightly different from that in the original 
DRG method shown in Chapter 2 and Ref. [11]. Specifically, while the max operator is used in 
the present formula, an abs operator was used in previous works. The primary reason of this 
change is to more effectively handle the large isomer groups in the present biodiesel mechanism. 
It is readily seen that the selection of the threshold value for rAB in the original DRG method will 
be inversely affected by the number of isomers in a group. That is, for a group of important 
isomers, the rAB values for the isomers can be proportional to the reciprocal of the group size in 
the worst case. As a result, large groups of isomers tend to result in small values of rAB, such that 
correspondingly small error tolerance must be specified to prevent unsafe elimination of 
important isomers. The selection of small error tolerance will in turn make it difficult to remove 
unimportant species that are non-isomers, eventually resulting in under-reduced mechanisms. On 
the other hand, if a not-sufficiently-small error tolerance is forced, important isomers may be 
inadvertently eliminated, resulting in over-reduced mechanisms. While this issue was not a major 
concern for small hydrocarbons fuels, which consist of only small isomer groups, the situation 
becomes severe for the reduction of the current biodiesel mechanism, which consists of large 
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isomer groups with more than 60 species as shown in Fig. 3-1. With the revised definition of rAB 
in eq. (3-1), the dilemma in selecting the error tolerance in the previous DRG can be resolved. 
Using the max operator, which is not affected by the size of the isomer groups, instead of abs, a 
reasonable large error tolerance, say 10~40%, can be specified in the revised DRG without 
eliminating important species. To demonstrate this point, Fig. 3-2 shows the measured relative 
errors, m, in auto-ignition delay time as a function of the skeletal mechanism size, which is 
determined by the specified error tolerance, for the original and the revised DRG methods, 
respectively. The measured relative error is defined as:  
),max( 0
0




m                (3-2) 
It is seen that for both n-heptane [88, 89] and biodiesel, the measured error in the mechanisms 
derived by the original DRG method increases dramatically for specified error tolerance larger 
than about 0.1-0.2. This is consistent with the largest error tolerances specified in previous DRG 
works [11, 71]. In contrast, the measured errors of the skeletal mechanisms derived with the 
revised DRG method with eq. (3-1) are substantially smaller and there is no unsafe species 
elimination for specified error tolerance even at 0.5. The advantage of the revised DRG method 
is thereby clear. It is noted in Fig. 3-2 that there exist non-monotonous relations between the 
measured error and mechanism size for both the original and revised DRG methods when 
aggressive error tolerances were chosen, due to the non-linear effects when  in DRG is not 
small. In the following reduction, a specified error tolerance of about 0.4 will be used in the 
reduction of the detailed biodiesel mechanism using the revised DRG method. Furthermore, once 
the digraph is constructed using eq. (3-1), the H radical is selected as the starting species for the 
graph search in that H is important through the entire process of hydrocarbon oxidation. Other 
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species strongly coupled with H, such as the fuel, oxidizer, other important radicals and major 
products, can be subsequently identified with the RDFS.  
As discussed in the previous DRG study [71], for mechanisms of small hydrocarbons, a 
single-stage DRG is typically sufficient for converged reduction, while for large mechanisms of 
engine fuels, multi-stage DRG may be necessary for a converged size of the skeletal mechanisms. 
For the present biodiesel mechanism, the revised DRG was applied iteratively until the skeletal 
mechanism cannot be further reduced, and it was found that three stages are sufficient for 
converged DRG reduction. 
Figure 3-3 shows the number of species retained in the skeletal mechanisms obtained by 
the revised DRG as a function of the specified error tolerance. It is seen that substantial reduction 
can be achieved by selecting an error tolerance of 30-40%. A skeletal mechanism with 472 
species and 2337 elementary reactions was obtained by the three-stage DRG. In the present 
dissertation, the revised DRG will be referred as DRG2 for simplicity. 
3.2.2 Further Reduction 
The 472-species skeletal mechanism is further reduced using isomer lumping developed 
in Ref. [48]. Isomers feature similar thermodynamic and transport properties, such that their 
governing equations can frequently be grouped provided that their intra-group concentrations can 
be reconstructed from the group concentrations for the evaluation of their chemical production 
rates. The simplest strategy for isomer lumping is to detect isomer groups that feature fixed intra-
group mole fractions, such that the concentration of each group member can be obtained from 
that of the entire group multiplied by a constant factor. The advantage of such a method for 
isomer lumping is that the resulting mechanism remains in elementary form, say compatible with 
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CHEMKIN [90], such that they can be readily applied where the detailed and skeletal 
mechanisms can be applied. 
The identification of isomer groups can be achieved through statistics, where the reaction 
states sampled from ignition and extinction applications are systematically analyzed and the 
correlation between each pair of isomers is obtained. Two isomers can be grouped if they are 
correlated by approximately a constant factor for all the sampled points with nontrivial isomer 
concentrations. The grouped isomer pair is then treated as a single species and this lumping 
process is performed iteratively until the maximal extent of lumping is achieved. The mechanism 
obtained with isomer lumping consists of 38 isomer groups as listed in Table 3-1, where the 
value next to each isomer represents the intra-group mass fraction of the isomer. The resulting 
lumped mechanism consists of 326 species and 2220 elementary reactions.  
Due to the significant change in species relations in the skeletal mechanism induced by 
the isomer lumping, there may be newly emerged unimportant species that can be further 
eliminated by additional rounds of DRG reduction before other more time-consuming methods 
are applied. In the present study, 84 species were further eliminated by two rounds of DRG, 
resulting in a mechanism with 242 species and 1819 reactions. 
The skeletal mechanisms developed by DRG can be further reduced by DRGASA [15, 
91], because it is assumed in DRG that all the retained species are of equal importance. For 
practical applications where accurate prediction of minor species concentrations is of little 
interest, more species may be further eliminated by only ensuring that the concentration of major 
species, such as the fuel, oxidizer and products, and global system parameters are accurately 
predicted. In such cases, DRGASA can be employed to obtain the smallest skeletal mechanisms 
that can accurately predict the selected targets. DRGASA is however more time-consuming than 
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DRG because of the iterative evaluation of the global parameters, such as auto-ignition delay and 
extinction residence time in PSR. Therefore, DRGASA is suitable to be applied as the last step in 
skeletal reduction, where the mechanism has already been substantially trimmed by DRG and 
other efficient methods. 
The information from the DRG reduction is utilized in DRGASA to select a subset of 
species for sensitivity analysis. Specifically, species located to the left of 40% error tolerance in 
Fig. 3-3 have been eliminated in DRG, while the species located to the right of a large value, say 
80%, are strongly coupled with the major species and are automatically retained. Species 
between 40% and 80% cannot be safely eliminated with DRG but may be eliminated through 
sensitivity analysis, if not causing substantial error to the system parameters. In the present study, 
129 species were selected for sensitivity analysis based on the DRG information in Fig. 3-3. The 
target parameters include the ignition delay of auto-ignition under constant pressure and the 
extinction residence time in PSR. By specifying a worst case relative error of 30% in DRGASA, 
a final skeletal mechanism with 118 species and 837 retained elementary reactions was 
eventually obtained. Species retained in the final skeletal mechanism were listed in Appendix B. 
It is noted that while DRGASA is time-consuming, it can be expedited through parallel 
computing. In the present work, DRGASA was performed on a 200-core PC cluster, and the 
reduction took only a few days including the manual stage for problem setup.  
3.3 Results and Discussion 
The 118-species skeletal mechanism for the surrogate mixture of biodiesel is then 
validated against the detailed mechanism in homogenous applications including auto-ignition 
and PSR. Figure 3-4 shows the calculated ignition delay time of the mixture comprised of equal 
mole fraction of MD, MD9D, and n-heptane as a function of the initial temperature at different 
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pressures and equivalence ratios. It is seen that the skeletal mechanism accurately mimics the 
detailed mechanism for most of the displayed conditions. The slightly larger discrepancies for 
high pressure (p = 100 atm) and low initial temperature (T0 = 1000 K) was primarily induced in 
the isomer lumping stage. Furthermore, the increasing errors near 1000 K also indicate that the 
present skeletal mechanism should be primarily applied within the parameter range of the 
reduction. Without extended validation, it should not be applied for temperatures below 1000 K, 
e.g. near the NTC region for engine ignition.  
Figure 3-5 compares the calculated temperature profiles as functions of the residence 
time in PSR over a wide range of equivalence ratios and pressures. It is seen that the skeletal 
mechanism again shows a close agreement with the detailed mechanism, both on the branches 
above the turning points, which are known as the physically stable branch, and below the turning 
points, known as the physically unstable middle branches in the combustion S-curve. Note that 
although the reaction states on the middle branches are not relevant to stable combustion systems 
in steady state, they can be important for unsteady systems where fresh mixtures may start from 
a state near the middle branches in a transient process.  
The detailed and the 118-species skeletal mechanism were further applied to predict the 
experimental measurements of the oxidation of rapeseed oil methyl ester (RME) in JSR. RME is 
a complex mixture of C14 - C22 esters with highly saturated carbon chains, and its oxidation in 
JSR was first investigated by Dagaut et al. [92]. In the present study, the same fuel mixture as 
that in the reduction process, i.e. MD, MD9D and n-heptane in equal mole fraction, is used in the 
simulation. Figure 3-6 compares the calculated species profiles for stoichiometric mixture using 
both mechanisms to the experimental results at various temperatures, equivalence ratios and 
residence times in JSR with nitrogen dilution. It is seen that both mechanisms predict the trends 
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of the experimental results correctly for temperature above 1000 K, and the skeletal mechanism 
agrees well with the detailed mechanism, while some large discrepancies are present between 
experiments and simulations, as typically observed in JSR validations.  
It was found in previous studies on small hydrocarbon fuels that the reduced mechanisms 
derived from spatially homogeneous systems using the present reduction strategy can typically 
be extended to diffusive systems involving premixed or non-premixed flames [11, 19].  While it 
is difficult to compare the skeletal mechanism with the extremely large detailed mechanism in 
flames, comparison with experimental flame measurement can be readily performed instead. 
Figure 3-7 compares the calculated laminar flame speeds with the measurements [93-95] for n-
heptane at atmospheric pressure. It is seen that the predicted results with the skeletal mechanism 
are overall in good agreement with the experiments, while slight under-prediction can be 
observed at fuel-rich conditions. Figure 3-8 plots the calculated species profiles with the skeletal 
mechanism along with the measured species profiles by Sarathy et al. [96] for a counterflow 
diffusion flame under atmospheric pressure. The counterflow flame was simulated using the 
OPPDIF code in the CHEMKIN package [97]. The simulation was performed by Dr. Som 
Sibendu at Argonne National Laboratory [98]. Pure MD was used as the fuel in the simulation to 
match the experimental condition in addition to the same inlet temperature, mixture 
compositions and flow velocities. The prediction is encouraging in terms of the overall shape of 
the profiles and the peak concentrations of many important species. In particular, the calculated 
major species profiles such as MD, CO, CO2 are in excellent agreement with the measured data. 
Furthermore, this observation is consistent with that simulated by a much larger skeletal 
mechanism recently developed for pure MD [96].  
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3.4 Conclusion 
A 118-species skeletal mechanism was developed from a detailed mechanism for 
biodiesel surrogates by subsequent application of DRG, isomer lumping, and DRGASA. The 
DRG method was revised for more effective reduction of mechanisms with large isomer groups. 
The skeletal mechanism was validated against the detailed mechanism over a wide range of 
parameters in homogenous applications. Good agreements were observed despite the large extent 
of reduction by almost a factor of 30. The skeletal mechanism was also further validated for 
various fuel compositions and JSR simulations, and was compared with experimental 
measurements in the literature for RME in JSR and counter-flow diffusion flames of pure MD.  
It is noted that while the present mechanism is comparable in size to the skeletal 
mechanism for MD developed in Ref. [96], the present mechanism is advantageous in two 
aspects. First, while the skeletal mechanism in Ref. [96] was for single component fuel of MD, 
the present mechanism is for surrogate mixtures of MD, MD9D and n-heptane. Second, while 
the skeletal mechanism in Ref. [96] was primarily for counterflow flames under the specific 
experimental conditions, the present mechanism is valid for both extinction and ignition over a 
wide range of temperature, pressure and equivalence ratios. Therefore the present mechanism is 
substantially more comprehensive and versatile. 
It is emphasized again that the reduced mechanism was derived for temperatures above 
1000 K. As such, while the mechanism is suitable to simulate high temperature applications such 
as that involving flame stabilization, it may not be applicable to simulations involving low-
temperature ignition, particularly those in the NTC zone. Reduced mechanisms covering low 
temperature chemistry are expected to be substantially larger and will be studied in the future. 
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Figure 3-1 Distribution of the size of isomer group with ten or more members in the detailed 
biodiesel mechanism [3] from LLNL. The data was obtained from Ref. [98]. 
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Figure 3-2 Dependence of skeletal mechanism sizes and measured relative errors in auto-
ignition delay time on the specified error tolerances in the original and revised DRG, 
respectively, for stoichiometric fuel-air mixtures for (a) n-heptane, and (b) biodiesel surrogate, 
under pressure of 10 atm. 
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Figure 3-3 Reduction curves of the multi-stage DRG for biodiesel-air. 
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Figure 3-4 Calculated ignition delay time of the surrogate mixture for biodiesel, as a function of 
the initial temperature for constant pressure auto-ignition, with the detailed and 118-species 
skeletal mechanisms respectively, with equivalence ratio from 0.5 to 2, pressure from 1 to 100 
atm, and initial temperature from 1000 to 1800 K. 
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Figure 3-5 Calculated temperature profile of PSR for the surrogate mixtures of biodiesel with 
various equivalence ratios and pressures and fixed inlet temperature of 300 K, calculated with 
detailed and skeletal mechanisms, respectively. 
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Figure 3-6 Species profiles in JSR as a function of temperature for RME at atmospheric pressure.  
Symbols: experimental measurements [92], lines: calculated values with the detailed mechanism, 
dotted lines+symbols: calculated values with the 118-species skeletal mechanism. 
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Figure 3-7 Laminar flame speed as a function of the equivalence ratio for n-heptane at 
atmospheric pressure. Symbols: experimental measurements [93-95], lines: calculated values 
with the 118-species skeletal mechanism. 
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Figure 3-8 Species profiles computed with reduced mechanism (lines) compared with 
experimental measurements (symbols) by Sarathy et al. [96], for opposed-flow flames under 
atmospheric pressure. The results were obtained from Ref. [98]. 
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Table 3-1. Isomer groups and intra-group mass fractions in the 472-species skeletal mechanism 
Group Group constituents 
iso001  md2ooh4o2/0.012 md3ooh4o2/0.314 md3ooh5o2/0.055 
md5ooh3o2/0.081 md6ooh4o2/0.084 md7ooh5o2/0.071 
md8ooh6o2/0.108 md9ooh7o2/0.121 md10ooh8o2/0.152  
iso002  md2ooh4j/0.023 md3ooh5j/0.096 md4ooh2j/0.078 md4ooh6j/0.016 
md5ooh3j/0.071 md5ooh7j/0.017 md6ooh4j/0.074 md6ooh8j/0.018 
md7ooh5j/0.063 md7ooh9j/0.016 md8ooh6j/0.085 md9ooh7j/0.145 
md10ooh8j/0.298  
iso003  md2o2/0.082 md3o2/0.358 md4o2/0.054 md5o2/0.059 md6o2/0.062 
md7o2/0.053 md8o2/0.072 md9o2/0.118 md10o2/0.140  
iso004  mdmooh2j/0.364 md3ooh4j/0.636  
iso005  md2j/0.266 md3j/0.188 md4j/0.027 md5j/0.022 md6j/0.023 
md7j/0.019 md8j/0.026 md9j/0.052 md10j/0.073 mdmj/0.303  
iso006  mdket34/0.133 mdket35/0.081 mdket53/0.124 mdket64/0.127 
mdket75/0.108 mdket86/0.167 mdket97/0.184 mdket108/0.076  
iso007  md9d7ooh5o2/0.112 md9d7ooh8o2/0.271 md9d4ooh6o2/0.043 
md9d6ooh4o2/0.034 md9d6ooh8o2/0.093 md9d8ooh6o2/0.017 
md9d8ooh7o2/0.017 md8dxooh7o2/0.213 md9d3ooh5o2/0.149 
md9d5ooh7o2/0.051  
iso008  md9d2o2/0.483 md9d5ooh8j/0.013 md9d7ooh5j/0.053 
md9d7ooh8j/0.216 md9d4ooh6j/0.018 md9d6ooh4j/0.013 
md9d6ooh8j/0.048 md9d8ooh6j/0.030 md9d3ooh2j/0.014 
md9d5ooh3j/0.021 md9d3ooh5j/0.074 md9d5ooh7j/0.016  
iso009  mdket97o/0.130 mdket64o/0.074 mdket108o/0.270 mdket86o/0.086 
mdket53o/0.289 mdket35o/0.092 mdket75o/0.060  
iso010  md9d3o2/0.308 md9d4o2/0.078 md9d5o2/0.071 md9d6o2/0.063 
md9d7o2/0.221 md9d8o2/0.167 md8dxo2/0.092  
iso011  md9d8ooh7j/0.261 md8dxooh7j/0.739  
iso012  md9dmj/0.036 md9d2j/0.153 md9d3j/0.260 md9d4j/0.064 
md9d5j/0.042 md9d6j/0.099 md9d7j/0.162 md9d8j/0.140 
md9dxj/0.044  
iso013  md9dket75/0.117 md9dket78/0.112 md9dket46/0.047 
md9dket64/0.038 md9dket68/0.105 md9dket86/0.133 
md9dket87/0.048 md8dketx7/0.186 md9dket35/0.156 
md9dket57/0.057  
iso014  c9h17-13/0.095 c9h17-15/0.380 c9h17-18/0.524  
iso015  c8h17o2-1/0.907 c8h17o2-4/0.093  
iso016  c8h17-2/0.236 c8h17-3/0.063 c8h17-4/0.701  
iso017  ms3ooh2j/0.106 ms3ooh5j/0.133 ms7ooh4j/0.761  
iso018  ms3o2/0.171 ms7o2/0.829  
iso019  ms4o2/0.546 ms7ooh5j/0.454  
iso020  ms6j/0.182 ms5j/0.021 ms4j/0.257 ms2j/0.104 msmj/0.435  
iso021  ms7j/0.870 ms3j/0.130  
iso022  c8h15-13/0.044 c8h15-14/0.689 c8h15-15/0.080 c8h15-16/0.044 
c8h15-17/0.144  
iso023  mso4-7/0.361 mso5-7/0.639  
iso024  ms6dmj/0.050 ms6d2j/0.240 ms6d3j/0.044 ms6d4j/0.275 
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ms6d5j/0.245 ms2d7j/0.145  
iso025  c7h14ooh2-4o2/0.566 c7h14ooh3-5o2/0.434  
iso026  c7h15o2-1/0.202 c7h15o2-2/0.400 c7h15o2-3/0.358 c7h15o2-
4/0.041  
iso027  c7h14ooh2-4/0.510 c7h14ooh3-1/0.036 c7h14ooh3-5/0.358  
c7h14ooh4-2/0.096  
iso028  c7h15-1/0.652 c7h15-2/0.183 c7h15-3/0.146 c7h15-4/0.020  
iso029  mh2o2/0.149 mh6o2/0.851  
iso030  mh6j/0.871 mh2j/0.129  
iso031  nc7ket24o/0.664 nc7ket35o/0.336  
iso032  c7h13-13/0.100 c7h13-14/0.065 c7h13-16/0.033 c7h13-17/0.802  
iso033  mh5dmj/0.038 mh5d2j/0.068 mh5d3j/0.796 mh5d4j/0.098  
iso034  mf4j/0.185 mf2j/0.815  
iso035  c6h11-13/0.315 c6h11-14/0.605 c6h11-15/0.080  
iso036  mf4dmj/0.016 mf4d2j/0.108 mf4d3j/0.084 mf2d5j/0.793  
iso037  c5h9-13/0.366 c5h9-14/0.634  
iso038  c5h6-124/0.151 cpd/0.849  
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Chapter 4 A Comparative Study on the DRG-Based Methods for  
Skeletal Mechanism Reduction 
4.1 Introduction 
Many methods were developed for mechanism reduction over last decade as reviewed in 
Section 1.2.1. Among these methods, the DRG based methods have been shown to be 
particularly efficient and reliable and are suitable for the reduction of extremely large 
mechanisms [1, 99-101]. In particular, the DRG method has been employed to obtain reduced 
mechanisms for a variety of fuels such as methane [19], ethylene [11, 73, 102], n-heptane [48, 
71, 103], biodiesel [54, 96] and iso-alkanes [104]. In the previous Chapter, DRG method has 
been revised to develop a high temperature skeletal mechanism for a ternary biodiesel surrogate 
mixture of methyl deaconate (MD), methy-9-decenoate (MD9D), and n-heptane. There have 
been other reduction methods developed based on DRG. Two notable methods are DRGEP and 
PFA. Compared with DRG, DRGEP was developed by assuming that the reduction error decays 
geometrically along the graph searching paths, and the method has been successful in the 
reduction of practical engine fuels [12, 99, 101, 105]. The direct relation between each pair of 
species pair in DRG was redefined in the path flux analysis (PFA), in which the creation and 
consumption reactions of a species are considered separately [13]. While these DRG-based 
methods have been widely applied in skeletal reduction, there is currently a lack of systematic 
comparison on accuracy, efficiency, and applicable conditions of these methods. In the present 
study, four DRG-based reduction methods, including the original DRG, DRG with updated 
definition of the direct interaction coefficient (DRG2) introduced in Chapter 3, DRGEP, and 
PFA will be systematically compared in error control using reaction mechanisms of different 
sizes.   
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4.2 Comparisons of DRG-Based Reduction Methods 
The method of DRG is based on the observation that many species are only weakly 
coupled during combustion processes, such that the species that do not significantly affect the 
reaction rates of the major species can be eliminated from the mechanism. The first step in DRG 
is to quantify species coupling by the pair-wise error (or direct interaction coefficients), rAB, 
induced to a species A by the elimination of another species B for a given reaction state as 
discussed in details in Chapter 2. Once the pair-wise species reduction errors are quantified, the 
species dependence defined based on eq. (2-1) can then be expressed in the following graph 
notation 
              (4-1) 
i.e. there is a directed edge from species A to B if and only if rAB is larger than a user specified 
threshold error . The vertices in the DRG are the species in the detailed mechanism, and the 
adjacency matrix, E, of the digraph can be constructed as 
     
          
           
  (4-2) 
Starting from one or more vertices, graph searching methods such as the depth-first 
search (DFS) can be exploited to efficiently identify all the vertices that are reachable from the 
starting ones. The species discovered through the graph search thereby constitute the species set 
of the skeletal mechanism. It is noted that the standard DFS can generate one skeletal mechanism 
for each graph search using the given  value, while a revised DFS (RDFS) algorithm [71] can be 
used to generate all the possible skeletal mechanisms corresponding to different error tolerances 
through a single graph search.  
While the definition of rAB in eq. (2-1) is suitable for the reduction of a variety of 
mechanisms for small to moderately large fuel molecules, such as methane, ethylene, and n-
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heptane [1], it was discussed in Chapter 3 that such a definition is difficult to apply for 
mechanisms with large groups of isomers, such as that for a biodiesel surrogate [3]. For instance, 
when the number of isomers in a group is large, a threshold value of  = 0.1 may be too large and 
may result in unsafe elimination of important isomers. To resolve this problem, a new definition 
in eq. (3-1) was proposed to improve the performance of DRG for the reduction of mechanisms 
of large hydrocarbons. With the improved definition of rAB in eq. (3-1), the selection of the 
threshold value  becomes insensitive to the sizes of the isomer groups in detailed mechanisms. 
In most cases, a value of  = 0.3~0.4 or smaller can be safely used for accurate reduction of 
practical engine fuels such as biodiesel as discussed in Chapter 3. DRG with the revised 
definition in eq. (3-1) will be referred as DRG2 in the following discussion.  
It is noted that other definitions of rAB may also be applicable in DRG as long as the 
relative error induced to species A due to the elimination of B can be appropriately measured by 
the definition. For instance, the creation and consumption rates of a species were separately 
considered in PFA [13] when measuring the pair-wise error, rAB. Furthermore, PFA further 
considers indirect, or next generation, flux information by allowing it to propagate one step or 
more along the graph searching path, resulting in the interaction coefficients for production and 
consumption of species A via B of first generations: 
   
        
   
           
  (4-3a) 
   
        
   
           
 
(4-3b) 
where the production and consumption fluxes, PA  and CA, of species A, and the flux of species A 
related with species B, PAB  and CAB,  are calculated by eqs. (4-3(c-f)) 
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  (4-3c) 
                   
     
 
(4-3d) 
                        
     
  (4-3e) 
                         
     
 
(4-3f) 
The interaction coefficients for the second generation fluxes between A and B are defined as  
   
              
           
        
     
  (4-3g) 
   
              
           
        
     
 
(4-3h) 
The pair-wise error rAB in PFA is eventually measured by the summation of interaction 
coefficients of production and consumption for both the first and second generations 
       
           
           
           
           (4-3i) 
It is noted that since    
       
,    
       ,    
       
, and    
        are normalized between 0~1, 
their summation, ABr , can be any value between 0 and 4. Computation of the R matrix in eq. (4-3) 
for PFA can however be expensive since the interaction coefficients for second generation 
involve matrix multiplications, the computational cost of which scales as a cubic function of the 
number of species.  
DRGEP considers error propagation in DRG [12, 101] with rAB defined as 
     
                    
          
  (4-4a) 
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where PA and CA can be calculated by eqs. (4-3(c,d)), and the coefficient was shown to be 
bounded between 0 and 1. Compared with DRG, which assumes the worst case that errors may 
not decay along the graph paths, DRGEP assumes that error decays geometrically along the 
graph paths. i.e., “the farther away from the target a species is, the smaller the effect of changing 
or removing this species should be” [12]. As such, a path-dependent coefficient from the starting 
vertex S1 to species Sn along the path is defined as 
     
               
      
    (4-4b) 
where n is the number of vertices on the path p. The threshold value for species A to be 
eliminated is the maximum 
DRGEP
, pSAr  among all possible paths from S to A 
  
         
 
       
          (4-4c) 
Note that the optimization problem in eq. (4-4c) is equivalent to minimizing the sum of the 
logarithm of the reciprocal edge values 
    
 
  
           
      
 
        
 
      
   (4-4d) 
which is essentially the shortest path problem and can be solved using Dijkstra’s algorithm [106, 
107]. It is noted that Dijkstra’s algorithm assumes a single source or the starting vertex. As such 
the graph searching needs to be performed repeatedly if multiple starting species are involved. 
  
      will be computed using Dijkstra’s algorithm and eq. (4-4d) in the present study. 
4.3 Results and Discussion 
Error control is important for mechanism reduction methods. Reduction error can be 
measured through mechanism validation after a reduction and the procedure can iterate until the 
measured reduction error is satisfactory. With such a posteriori error control, most reduction 
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methods, e.g. DRGASA, trial-and-error, and many other methods, can be used to generate 
reduced mechanisms with tolerable errors for specified target parameters. In comparison, a 
tolerable error is specified and the measured should be comparable to the specified error 
tolerance, such that iterative reduction that relies on mechanism validation is not required. It is 
noted however that no a priori method can exactly control the reduction error because of the 
strong nonlinearity of chemical kinetics, and the a priori control can be considered validate if 
        when    , where    is the measured worst case error and   is the specified error 
tolerance. For static reduction of small to moderately large mechanisms, methods with a 
posteriori error control should suffice, while for extremely large mechanisms or on-the-fly 
reduction, a priori error control is necessary due to the high computational cost or inapplicability 
of mechanism validation. In the following, the effectiveness of error control using the different 
graph based methods will be compared for an n-heptane mechanism with 561 species and 2539 
reactions as example [88, 89].  
A reduced mechanism can be either local or global. A local reduced mechanism is 
developed locally for the given reaction state, while a global reduced mechanism is valid over a 
range of conditions that involve multiple reaction states. The algorithms for the graph based 
methods are formulated specifically for local reduction, i.e. a local skeletal mechanism is first 
obtained for each reaction state, and a global skeletal mechanism can then be obtained as the 
union of the local skeletal mechanisms. Therefore local reduction errors will first be compared in 
the following to show the effectiveness of the error control using the different algorithms.  
The local reduction was performed with reaction states sampled from perfectly stirred 
reactors (PSR) over a wide range of parameters with pressure from 1 to 30 atm, equivalence ratio 
from 0.5 to 1.5, and inlet temperature of 300 K. Local skeletal mechanism was obtained for each 
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of the sampled reaction state on the S-curve using different threshold values and the different 
reduction methods with n-heptane being the starting species. The skeletal mechanisms were then 
used to recalculate the PSR solution for the specific inlet and outlet temperature and pressure. 
Relative errors in species concentrations and residence time were measured by comparing the 
solutions from the detailed and the skeletal mechanisms.  
Figure 4-1 shows the worst case error in all the species concentrations and residence time 
in PSR for the sampled reaction states, each represented by a data point in the figure. It is seen 
that the worst case relative error of DRG, DRG2 and PFA is overall linearly proportional to the 
user specified error tolerance ɛ, while the worst case error of DRGEP is close to unity even for 
very small error tolerances, say ɛ = 10-4. The reason for the lack of control in the worst case error 
in DRGEP can be explained by eqs. (4-4b, 4-4c), which indicate that   
      tends to decrease 
geometrically with the increasing path length from the starting species S to species A. Therefore, 
a species A far away from the starting species tends to feature small    
      and be eliminated in 
DRGEP, inducing large errors to neighboring species that are also far away from the starting 
species but strongly connected to A. Figure 4-2a further compares the local reduction errors of 
the targeted species, i.e., the n-heptane concentration as a function of user specified error, using 
different DRG-based methods in PSR. It can be observed that the local reduction errors of the 
targeted species in DRGEP feature linear trends as ɛ increases, which is desirable if the target 
species are the only variables of interest. On the other hand, the selection of target species 
becomes very important in DRGEP, and may be challenging when the mechanism is complex, 
since the error of an important species may not be effectively controlled if it is not included in 
the target set. It can be further seen in Fig. 4-2a that the local reduction errors of the targeted 
species using other DRG-based methods (DRG, DRG2, and PFA) are much smaller than that of 
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the DRGEP method, indicating that, by retaining many species that are not important to the 
targeted species, the relative errors in the fuel are reduced. Figure 4-2b further presents an 
example of the local relative error of one un-targeted species, i.e., C2H2, as a function of user 
specified error. It can be seen that a lot of local errors of C2H2 were beyond 10×ɛ line for the 
DRGEP cases, while most of the errors of other DRG-based methods were bounded by the user 
specified errors. All above observations can similarly be found in different mechanisms. Figure 
4-3 shows the local reduction errors in residence time of PSR for n-heptane-air mixture under 
various pressures and equivalence ratios, computed using different local skeletal mechanisms. It 
can be seen in Fig. 4-3 that the local error in the residence time of DRGEP shows a linear trend, 
which is similar to that of the targeted species. It was further noted the local errors of DRG2 and 
PFA are smaller than that of DRG for most of the cases for the studied mechanisms. 
The accuracies of globally reduced mechanisms will then be compared using an iso-
octane mechanism with 874 species and 3796 reactions [108, 109]  and a biodiesel surrogate 
mechanism with 3299 species and 10860 reactions [3], which are denoted as Mech-4 and Mech-
8 in Table 4-1, respectively. The results for iso-octane were computed by Dr. Wei Liu at 
Argonne National Laboratory [110].  
With the iso-octane mechanism, auto-ignition and PSR are sampled with initial pressure 
from 1 to 40 atm, equivalence ratio from 0.5 to 2.0, initial temperature from 550 to 1800 K for 
auto-ignition and inlet temperature of 300 K for PSR. Global reduction is then performed with 
DRG, DRG2, DRGEP and PFA using H radical as the starting species. A number of skeletal 
mechanisms are then generated using these DRG-based methods and validated accordingly. In 
the present study, the accuracy of the skeletal mechanism is measured using the worst case error 
of ignition delays and extinction residence times within the entire sampled parametric space.  For 
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comparison, the maximum of the worst case errors of ignition and extinction with the four 
reduction methods are plotted together in one figure, as shown in Fig. 4-4a [114]. Error curves 
using iso-octane as the staring species are also plotted in Fig. 4-4a. In the previous work of DRG 
[11, 71], graph search started mostly from the fuel species, which are known to be important. 
However, recent reductions of large mechanisms with DRG/DRG2 [96, 111] used H as the 
starting species instead, for the following reasons. First, it is convenient to use H radical as the 
single starting species when reducing mechanisms of multi-component blends, where one or 
more fuel components may be absent for certain mixtures, as shown in Chapter 2. Second, using 
fuel as the starting species usually induces larger error than using H radical, especially for 
mechanisms of large molecules. It is clearly seen in Fig.4-4a that with the four reduction 
methods, the error curves generated using iso-octane as the target lie above the corresponding 
ones with H, within almost the entire reduction range. The worst case errors of 250-species 
skeletal mechanisms with iso-octane as the starting species are at least 150% and could be even 
higher than 1000%, depending on which reduction scheme is applied, comparing with a 
measured error of 15% if H is selected as the starting species. This behavior might be due to the 
fact that while fuel species is important in the initiation and isomerization process, it is quickly 
depleted as the temperature increases and how well the skeletal mechanisms can reproduce the 
fuel concentration is not of direct interest to the ignition process. On the contrary, H is important 
through the entire oxidation process, and hence it is a more appropriate candidate of the target 
species. Since PFA takes into account both the first and second-generation flux, it may perform 
better than the other three methods under certain conditions when graph search states from the 
fuel [13]. The error curves for the tri-component biodiesel surrogate mechanism are plotted in 
Fig. 4-4b, with H as the starting species. Reductions were performed with initial pressure from 1 
66 
 
to 30 atm, equivalence ratio from 0.5 to 1.5, initial temperature from 700 to 1800 K for auto-
ignition and inlet temperature of 300 K for PSR. It is seen that, when H is selected as the target, 
within the regimes of 200 to 400 species for the iso-octane mechanism and 300-1000 species for 
the biodiesel mechanism, the error curves generated by the four methods lie on top of each other, 
indicating similar accuracies. Actually, when the detailed mechanism is reduced to skeletal ones 
of the same sizes using different reduction methods, they usually consist of different species and 
reaction pathways. For example, four skeletal mechanisms all consisting 250 species were 
generated from the detailed iso-octane model, and there are 16-35 different species among these 
mechanisms, while their accuracies are all around 13-15%. It is also noted that for the biodiesel 
mechanism, DRG2 performs slightly better than DRG in general, indicating that the revised 
definition of rAB can handle large isomer groups better. Even though the pair-wise error, rAB, is 
defined differently, and the error propagation method is applied in DRGEP but not in the others, 
these reduction schemes perform similarly in accuracy.  
 
4.4 Conclusion 
In the present study, four DRG-based reduction methods are compared comprehensively. 
DRG2 handles larger isomer groups more appropriately than the original DRG. The error 
propagation process is assumed to be geometric damping in DRGEP, and PFA takes into account 
the second generation flux information, in addition to the direct relation between species pairs. 
Global reductions are performed with the four methods to eight selected detailed mechanisms of 
various sizes, ranging from 53 to 3299 species. Accuracy of the reduction methods are studied by 
comparing the measured errors of the skeletal mechanisms. Results are demonstrated using the 
iso-octane mechanism and a tri-component biodiesel surrogate mechanism. It was shown that H 
species instead of the fuel can be selected as the starting species to derive more accurate skeletal 
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mechanisms. Within the regimes of 200 to 400 species for the iso-octane mechanism and 300-
1000 species for the biodiesel mechanism, accuracies of the four reduction methods are similar, 
indicating that the species couplings are appropriately measured although rAB is defined 
differently.  
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Figure 4-1 Measured worst case reduction error in species concentrations and residence time of 
PSR for n-heptane/air as a function of the user specified threshold value, ɛ, for different 
reduction algorithms. The reaction states were sampled in the parameter range of p = 1-30 atm, φ 
= 0.5 -1.5 and inlet temperature 300 K.  
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Figure 4-2 Measured worst case error in individual species concentrations for (a) n-heptane, and 
(b) C2H2  concentrations, as a function of the user specified threshold value  in PSR for 
different reduction algorithms. The reaction states were sampled in the parameter range of p = 1-
30 atm, φ = 0.5 -1.5 and inlet temperature 300 K.  
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Figure 4-3 Calculated local relative error in residence time of PSR, as a function of the user 
specified error threshold value   with p = 1-30 atm, φ = 0.5 -1.5 and initial temperature 300 K, 
for the n-heptane mechanism. 
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Figure 4-4 Worst case error versus the number of species in the skeletal mechanisms for (a) iso-
octane [113] and (b) biodiesel, using either H or fuel as the starting species. 
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Chapter 5 DRG with Expert Knowledge (DRG-X) 
5.1 Introduction 
In the previous Chapters, the DRG method has been shown to be one of the efficient 
methods for skeletal reduction. It requires as input one or more major species as the search-
initiating, or starting species, in addition to a user-specified error tolerance that uniformly limits 
the reduction error for all the species in the resulting skeletal mechanism. While such a uniform 
error control used in DRG and other DRG-based methods renders the reduction simple to apply, 
it results in a lack of flexibility in customizing the reduction based on the non-uniform 
uncertainties in various reaction constants that are typically present in large detailed 
mechanisms. This is an important factor that limits the specification of the error tolerances and 
the extent of reduction that can be achieved using the DRG-based methods. 
In the present study, the DRG method is extended to allow species-specific error 
tolerances in the reduction. Such expert-specified species-specific information renders it possible 
to develop a skeletal mechanism that is highly accurate for heat release or species concentrations 
of interest, while at the same time retaining moderate accuracies for other species in the skeletal 
mechanism. The proposed method of DRG with expert knowledge (DRGX) will be 
demonstrated with the detailed mechanism for a ternary biodiesel surrogate [3]. 
5.2 DRG with Expert Knowledge 
While the revised DRG method can be readily applied for large mechanisms for practical 
fuels, a limiting issue remains. That is, the reduction error was uniformly specified for all 
species. The lack of species specific error control subsequently limits the extent and flexibility 
of reduction that can be achieved by DRG because a small error tolerance has to be used in 
DRG to ensure the small errors in important species, although the uncertainties in different 
73 
 
reaction pathways and the associated species can be substantially different in detailed 
mechanisms. To resolve this problem, the DRG method can be improved to take advantage of 
the expert knowledge. 
Procedurally, in addition to the starting species, e.g., the H radical, species-specific x-
values, i.e., the expert knowledge, are specified for selected species. A species, A, associated 
with reactions with small uncertainties can be assigned a small x-value, say xA  = 0.1, and that 
with larger uncertainties can be assigned a larger x-value, say xA = 0.3. Any species B with 
       will be retained in the skeletal mechanism, while other species are treated with the 
original DRG reduction using a default error tolerance, say  = 0.5. As a result, the errors in the 
skeletal mechanisms roughly match the level of uncertainties in the detailed mechanisms, such 
that the overall chemical fidelity can be retained. Moreover, for applications where some species 
of interest, e.g., a pollutant, need to be predicted with higher accuracy than the other species, 
small x-values can also be specified. The x-values can either be pre-processed or post-processed 
in DRGX. A pseudo code of the DRGX method, extended from that in Ref. [71] , is provided in 
Fig. 5-1. 
It is seen from the pseudo code that the pre-processing of the x-values is to expand the 
starting species set in the previous DRG method, and the post-processing of the x-values is to 
retain the species that are important to a species A based on its assigned x-value xA. It can be 
shown that the  values computed in DRG and DRGX for a species A are always in the order of 
                                              .    (5-1) 
Therefore, by specifying the same threshold error,, the DRG method results in the smallest 
mechanism, and the DRGX with pre-processing of expert knowledge results in the largest 
mechanism. As such pre-processing the x-values is a rather conservative option for DRGX. It can 
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be used when chemical fidelity is of the primary concern. In the present study, DRGX with post-
processing was found to be a good option in deriving a skeletal mechanism with balanced size 
and chemical fidelity. It is further noted that to include the x-value for heat release in DRGX, it 
simply needs to treat heat release as a special species Q, with      being the reaction heat for the 
ith reaction. For example, xQ = 0.1 can be specified if the error in heat release for the skeletal 
mechanism should be smaller than about 10%. 
 
5.3 Results and Discussion 
5.3.1 Reduction of a Detailed n-Alkanes Mechanism 
The performance of the DRGX method is first investigated with auto-ignition of a 
stoichiometric mixture of n-dodecaneair at constant pressure of 10 atm and initial temperature 
of 850 K using a detailed mechanism for C8-C16 n-alkanes [2] to compare DRG and DRGX with 
pre- and post-processing options. 
Figure 5-2 shows the reduction curves of the three different approaches. For the DRGX 
reductions, xQ = 0.1 was specified for heat release. It is seen that for small threshold errors, say  
< 0.2, the reduction curves for the three different methods collapse, while for larger threshold 
values, say  > 0.4, DRGX with pre-processing results in the largest mechanisms and DRG 
yields the smallest as discussed in eq. (4-1). It is further seen that the reduction curves feature 
steep slopes for small threshold values, indicating that large extent of reduction can be achieved 
with small reduction errors. It is further seen that the reduction curves for DRGX become almost 
plateaued when the threshold value is large, say  > 0.7. This is because the set of species that are 
important for heat release are retained due to the small xQ, such that few species can be further 
eliminated by increasing the threshold value . 
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Figure 5-3a shows the temperature profiles predicted using different skeletal mechanisms 
derived with the three approaches using different threshold errors. By specifying a small 
threshold error  = 0.2, the three different methods resulted in the same skeletal mechanism with 
449 species, and the temperature profile of the 449-species mechanism closely agrees with that 
of the detailed mechanism. This shows that for very small  values, DRGX reduces to DRG. By 
increasing the threshold error to  = 0.5, which is a rather aggressive value for the DRG-based 
methods, three skeletal mechanisms with 160, 208, and 184 species were obtained using DRG, 
DRGX/pre-processing and DRGX/post-processing, respectively. It is seen that the overall error 
is quite large for the DRG–derived mechanism, while the mechanism from DRGX/pre-
processing has a much smaller error in post-ignition temperatures. Figure 5-3b further shows the 
effect of changing xQ on the accuracy of the resulting mechanism. It is seen that for a fixed 
threshold error  = 0.5, by decreasing xQ from 0.1 to 0.01, the resulting skeletal mechanism 
expanded to 368 species and the accuracy in temperature is substantially improved. Figure 5-4 
then compares the heat release profiles predicted using different skeletal mechanisms derived 
with DRG and DRGX for similar accuracies. By specifying small xQ of 0.01 for DRGX, an 
aggressive error tolerance, say 0.5, can be specified to generate a more compact mechanism with 
401 species, which still features a similar high accuracy compared to that with 424 species by 
DRG. It is noted that a small threshold value of 0.2 has to be specified in DRG in order to obtain 
an accurate skeletal mechanism. The effects of different x-values and the  values on the size and 
accuracy of the resulting skeletal mechanisms for DRG and DRGX is therefore demonstrated. 
5.3.2 Reduction of a Detailed Tri-component Biodiesel Surrogate Mechanism 
DRGX/post-processing is then applied to reduce the detailed mechanism for a tri-
component surrogate mixture of biodiesel [3], comprised of 25% MD, 25% methyl-9-decenoate 
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(MD9D), and 50% n-heptane in mole. The target for the present reduction is to derive a 
comprehensive and accurate skeletal mechanism using DRGX over the parameter range of 
pressure from 1 to 100 atm, equivalence ratio from 0.5 to 2.0, and ignition temperature from 700 
to 1800 K for auto-ignition. Extinction in PSR was also included in the reduction. The reduction 
was based on more than 21,000 reaction states sampled from auto-ignition and PSR. It took less 
than 3 minutes using a single core for each DRGX reduction with the revised algorithm 
discussed in Section 4.2.2. Two sets of expert knowledge were used in the reduction. In Set 1, 
only the x-values from heat release and the H radical was set, specifically xQ  = 0.1 and xH  = 0.3. 
In Set 2, in addition to xQ  = 0.1, x-values were further specified for the species listed in Table 5-
1. It is noted that while the x-values in Set 1 can be used to obtain smaller mechanisms that are 
good to predict the overall system parameters such as ignition delays and extinction time, the x-
values in Set 2 can be used to obtain skeletal mechanisms with high chemical fidelity, for such 
purposes as detailed reaction pathway analysis. 
The reduction curves of DRGX using the two different sets of x-values are shown in Fig. 
5-5. It is seen that the reduction curve for Set 1 is steeper than that for Set 2 due to the additional 
high accuracy requirements for the species in Table 5-1. Consequently, by specifying a threshold 
error of  = 0.5, a 540-species skeletal mechanism (sk540) was obtained for Set 1, and a 1504-
species mechanism (sk1504) was obtained for Set 2. The two skeletal mechanisms are then 
validated with the detailed mechanism for auto-ignition and extinction in PSR. It is seen in Fig. 
5-6 that both skeletal mechanisms agree quite well with the detailed mechanism within the entire 
parameter range of the validation, while the errors of sk540 is overall larger than that of sk1504 
for both ignition and extinction of lean mixtures under high pressure. It is noted nevertheless 
that, being substantially larger than sk540, sk1504 is not only more accurate in predicting heat 
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release, but also features higher chemical fidelity for many species as specified in Table 5-1.  
The species and their corresponding error tolerances were selected to ensure that important low 
temperature and high temperature reaction pathways were accurately retained. The important 
pathways, which control fuel consumption and product formation, were determined based on 
reaction flux analyses presented by Herbinet et al. using the detailed mechanism [2]. 
To further show the difference of chemical fidelities between the two skeletal 
mechanisms, Figure 5-7 compares the species concentrations calculated by the detailed and the 
skeletal mechanisms, respectively. Figure 5-7a shows the concentrations of selected major 
species including MD, CO and CO2, which are important for heat release. It is not surprising that 
both skeletal mechanisms agree closely with the detailed mechanism for these major species, 
because the same xQ = 0.1 was specified to obtain both skeletal mechanisms. However, larger 
differences were observed in Fig. 5-7b for intermediate species such as H, CH3 and C2H2. This is 
consistent to the fact that rather small x-values were specified for sk1504 (xH = 0.1, xCH3 = 0.1, 
and xC2H2 = 0.2) while larger errors were specified for sk540 (xH = 0.3, and  = 0.5 by default for 
CH3 and C2H2). Therefore, while sk540 as a smaller mechanism can be more suitable for 
practical engine simulations after further reduction, sk1504 may be better for chemical kinetic 
analysis requiring high accuracies in detailed reaction pathways for the species listed in Table 5-
1. A potential application of such an approach would be to use the smaller mechanism in a 3-D 
CFD simulation to identify conditions (e.g., temperatures, pressures, mixture fractions, etc.) of 
important regions in the phase-space, and then model these conditions using the larger 
mechanism in less computationally expensive 0- and 1-D simulations to delineate the important 
reaction pathways. 
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5.4 Conclusion 
The revised DRG is extended to allow expert-specified species-specific error tolerances 
for the species of interest. The DRGX method is more suitable than DRG to derive skeletal 
mechanisms with high chemical fidelity from detailed mechanisms that consists of disparate 
uncertainties in reaction pathways. The DRGX methods reduces to DRG in the limit of small 
threshold error, , and large x-values. If x-values for too many species are specified, the DRGX 
method reduces to the manual selection of the species in the skeletal mechanism. Between the 
two limits the DRGX method can be employed to obtain skeletal mechanisms with balanced size 
and chemical fidelity. In addition, DRGX also directly takes into account the heat release effect. 
For practical simulations where the prediction of heat release rate is of the primary interest, 
DRGX with a small xQ value can be performed. While in studies where it is important to retain 
high fidelity of selected species, DRGX with larger sets of x-values can be adopted. In the 
present study, it was found that DRGX with post-processing of the x-values is adequate to 
achieve reasonably good accuracy, while if needed the more conservative DRGX/pre-processing 
approach can be chosen. The skeletal mechanisms derived using DRGX can be further reduced 
through other approaches, similarly to those derived with DRG, based on the needs in specific 
studies. 
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Figure 5-1 A pseudo code for the DRGX method. 
 
DRGX 
For each reaction i = 1:I 
For each species pair A, B involved in reaction i, 
If edge AB is not initialized 
Initialize edge AB 
rAB = 0 
rA,max = 0 
End if 
rAB = max(rAB, | A,    |) 
rA,max=max(rA,max, | A,    |) 
End for 
End for 
For each initialized edge 
rAB = rAB/rA,max 
End for 
 
If pre-processing the expert knowledge in DRGX 
For each species A with expert knowledge xA 
Add species A in the set of starting vertices 
For each species B with rAB>xA 
 Add species B in the set of starting vertices 
End for 
End for 
End if 
 
Call RDFS() 
 
If post-processing the expert knowledge in DRGX 
For each species A with specified expert knowledge xA 
Mark species A with the value 1 
For each species B with rAB>xA 
 Mark species B with the value 1 
End for 
End for 
End if 
 
Eliminate species with marked values smaller than  and any reactions involving the eliminated species 
Write the retained species and reactions to the skeletal mechanism  
End 
 
RDFS() 
Truncate the rAB values based on the number of buckets and bucket sort the edges in descending order of rAB 
Initialize an empty graph with only vertices  
Mark the starting vertices with unity and the other species with zero 
For each edge AB in the sorted list 
Insert AB  into the graph 
If A is marked and B is not marked 
Depth-first search with B as root, mark every newly discovered vertex with value rAB  
End if 
End for 
End  
80 
 
 
Figure 5-2 Reduction curves for DRG, DRGX with pre- and post-processing options, 
respectively, with xQ = 0.1 in DRGX for auto-ignition of stoichiometric n-dodecaneair at 
pressure of 10 atm and initial temperature of 850 K. 
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Figure 5-3 Comparison of the accuracy of the skeletal mechanisms derived with a) DRG, 
DRGX/pre-processing and DRGX/post-processing with different threshold errors with xQ = 0.1, 
and b) DRGX/pre-processing with different xQ, for auto-ignition of stoichiometric n-dodecane-
air mixture at pressure of 10 atm and initial temperature of 850 K. 
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Figure 5-4 Comparison of the accuracy of the skeletal mechanisms derived with DRG(o) and 
DRGX/pre-processing (Δ) for heat release of auto-ignition of stoichiometric n-dodecane-air 
mixture at pressure of 10 atm and initial temperature of 850 K. 
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Figure 5-5 Reduction curves for biodiesel-air using DRGX/post-processing with two different 
sets of x-values. 
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Figure 5-6 Validation of the skeletal mechanisms (sk504 from Set 1 and sk1504 from Set 2) 
derived using DRGX/post-processing for auto-ignition and PSR within the parameter range of 
the reduction. 
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Figure 5-7 Comparison of species concentrations calculated using the detailed and skeletal 
mechanisms for auto-ignition of stoichiometric biodiesel-air at pressure of 10 atm and initial 
temperature of 850 K. a) major species, and b) intermediate species. 
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Table 5-1 Species and the corresponding x-values for the reduction of the detailed mechanism 
for surrogate mixtures of biodiesel using DRGX, the values were specified by. S.M. Sarathy in 
Ref. [112]. 
 
MD           (0.1) 
MD9D      (0.1) 
NC7H16  (0.1) 
O2            (0.1) 
H2            (0.1) 
H2O         (0.1) 
CO            (0.1) 
CO2         (0.1) 
CH4         (0.2) 
C2H4       (0.2) 
C2H2       (0.2) 
C3H6       (0.2) 
C4H8-1   (0.3) 
C4H6     (0.3) 
CH2O      (0.3) 
MP2D     (0.3) 
 
MB3D        (0.3) 
OH           (0.1)  
H               (0.1)  
CH3            (0.1)  
CH3O         (0.2)  
C2H5          (0.2)   
MD2J         (0.1) 
MD3J         (0.2) 
MDMJ       (0.3) 
MD9D2J    (0.1) 
MD9D3J    (0.2) 
MD9DMJ  (0.3) 
C7H15-1    (0.2) 
C7H15-2    (0.1) 
C7H15-3    (0.1) 
C6H13-1    (0.2) 
 
C5H11-1          (0.2) 
PC4H9              (0.2) 
NC3H7              (0.2)  
MP2D3J           (0.2) 
MB3D4J           (0.2) 
MD2O2            (0.3) 
MD3O2            (0.3) 
MD9D2O2       (0.3) 
MD9D3O2       (0.3) 
C7H15O2-2     (0.3) 
C7H15O2-3     (0.3) 
MD2OOH4J    (0.3) 
MD2OOHMJ   (0.3) 
MD2OOH5J    (0.3) 
MD3OOH5J    (0.3) 
MD3OOH6J    (0.3) 
 
MD9D2OOH4J  (0.3) 
MD9D2OOH5J  (0.3) 
MD9D3OOH5J  (0.3) 
MD9D3OOH5J  (0.3) 
C7H14OOH2-4 (0.3) 
C7H14OOH2-5 (0.3) 
C7H14OOH3-5 (0.3) 
C7H14OOH3-6 (0.3) 
C5H10-1            (0.3) 
C6H12-1            (0.3) 
C7H14-1            (0.3) 
C8H16-1            (0.3) 
C8H14-17          (0.3) 
C7H12-16          (0.3) 
C6H10-15          (0.3) 
C5H8-14            (0.3) 
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Chapter 6 Skeletal Mechanisms for Large Engine Fuel Surrogates: n-
Dodecane and Biodiesel Surrogates 
6.1 Introduction 
In this chapter, skeletal mechanisms of large engine fuel surrogates, including n-
dodecane and biodiesel, are developed using the revised DRG methods (DRG2 and DRGX) 
presented in the previous chapters. The mechanisms are validated under engine operating 
conditions.  
Interest in developing skeletal mechanisms for engine fuel surrogates is motivated by the 
fact that their detailed kinetic mechanisms are usually very large and complicated due to the long 
carbon chains and various functional groups. Therefore, realistic mechanisms for these fuels 
amenable for 3-D engine simulations are quite rare. For example, n-dodecane is suitable as a 
surrogate component for diesel fuels due to its long carbon chain and similar boiling 
characteristics compared to diesel fuels. Studies on kinetic modeling of n-dodecane have been 
performed over the last decade [2, 56, 57]. However, there is still a lack of accurate and 
computationally affordable chemical kinetic models for n-dodecane (incorporating low-
temperature chemistry) that can be coupled to spray-combustion models. As stated in Chapter 3, 
Biodiesel is becoming one of the most promising renewable fuels as the global energy demand 
increases. Reduced mechanisms for biodiesel that are suitable for 3-D engine simulations are 
however rare, particular when low temperature chemistry is involved. This is primarily because 
of the large size of biodiesel mechanisms and consequently the difficulties in the reduction itself. 
There have been several studies developing skeletal mechanisms for biodiesel [53, 55], but they 
are either not suitable for engine applications or has been tuned to match only some specific 
experimental conditions. 
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In this chapter, revised DRG methods (DRG2 and DRGX) presented in the previous 
chapters (3 and 5) will be integrated with isomer lumping and DRGASA to develop accurate 
skeletal mechanisms for n-dodecane and biodiesel respectively. Those skeletal mechanisms 
involve low temperature chemistry and will be comprehensively validated in 0-D, 1-D and 3-D 
systems. 
6.2 Methodologies  
6.2.1 Mechanism Reduction for n-Dodecane 
The mechanism reduction was performed using the detailed chemical kinetic model for 
large 2-methylalkanes and n-alkanes developed by LLNL [104]. The model includes a new C0-
C4 base chemistry and updated reaction classes and rate constant rules for n-alkanes compared to 
the original LLNL alkane model [2].  A complete description of the n-alkanes model was given 
in Ref. [104].  Briefly, many of the updates were done to obtain consistency with the latest 
LLNL n-heptane model [108], and to include new reaction classes and reaction rate constants 
based on the latest findings from various combustion researchers. This comprehensive detailed 
mechanism was reduced for efficient numerical simulations. DRGX presented in Chapter 5 was 
employed as the first step to eliminate unimportant species and reactions.  
In the present study, the reduction was performed based on reaction states sampled from 
auto-ignition and PSR for pressure of 1-100 atm, equivalence ratio of 0.5-2.0, and initial 
temperature of 700-1800 K for auto-ignition. Note that the NTC region, which is important for 
auto-ignition under CI engine conditions, was covered in the reduction. The inlet temperature for 
PSR is 300 K. These conditions are directly relevant for diesel engine operation conditions. It is 
noted that chemical reactions at ambient temperatures (e.g. 300 K) are not important for most 
practical applications. Furthermore, the detailed chemistry has not been validated for such low 
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temperatures. Therefore, including ambient temperatures in the reduction will unnecessarily 
increase the size of the skeletal mechanisms since reactions that are important at very low 
temperatures will be retained. Since H radical is an important species for all the reaction states, 
while temperature usually needs to be accurately predicted in practical engine simulations, they 
are selected as the starting “species” for DRGX. The x-value for H radical was specified as 0.1 
and that for temperature was 0.01. By specifying the over-all error tolerance of 0.4, a skeletal 
mechanism with 557 species and 2546 reactions was obtained.  
The method of DRGASA was subsequently applied to the 557-species skeletal 
mechanism. In DRGASA, the reduction error induced by individual species is first estimated and 
then sorted in ascending order for sequential sensitivity analysis of species elimination. Ignition 
delay and extinction time in PSR were targets in the sensitivity analysis. Almost every species 
was included in the global sensitivity analysis to ensure that the resulting mechanism is minimal 
in size for the application of interest. By specifying a worst case relative error of 30%, a skeletal 
mechanism with 106 species and 420 elementary reactions was eventually obtained. The species 
list of the skeletal mechanism is available in Appendix C.  
6.2.2 Skeletal Reduction for Biodiesel 
In the present study, the detailed mechanism for biodiesel developed by Lawrence 
Livermore National Laboratory (LLNL) [3] is first updated for improved prediction of the NTC 
behavior. The updated mechanism which consists of 3299 and 10806 elementary reactions is 
then employed as the starting mechanism for the reduction. Several updates were made to the 
detailed mechanism to make it consistent with rate rules present in current LLNL n-heptane and 
larger alkane mechanisms [104, 113]. The detailed mechanism was updated by Dr. Mani Sarathy 
at KAUST [112]. The following is a summary of the changes made to the detailed mechanism: 
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 The uni-molecular decomposition reactions of n-heptane and the beta-decomposition 
reactions of heptyl radicals were replaced by those in LLNL’s most recent n-heptane 
mechanism [113]. 
 The reaction rate constants for alkyl peroxy radical isomerizations (i.e., RO2=QOOH) and 
keto-hydroperoxide formation (i.e., O2QOOH= keto-hydroperoxide +OH) for n-heptane, 
MD, and MD9D related species were made consistent with the latest large alkane reaction 
rate rules [104, 113]. Specifically, the activation energies for these reactions were reduced by 
400 cal/mol to increase the low temperature reactivity. 
 The reaction rate constants for keto-hydroperoxide decomposition for n-heptane, MD, and 
MD9D related species were made consistent with Refs. [104, 113]. The activation energy for 
these reactions was decreased to 39,000 cal/mol to better predict low temperature ignition 
delay times for n-alkanes [104, 113]. 
Following the above modifications, the reduction of the detailed mechanism was 
performed based on a large set of reaction states sampled within the parameter space of pressures 
from 1 to 100 atm, equivalence ratios from 0.5 to 2.0, initial temperatures from 700 to 1800 K 
for auto-ignition, and inlet temperature of 300 K for extinction in perfectly stirred reactors 
(PSR). Note that the NTC region which is important for auto-ignition under CI engine conditions 
was covered in the reduction. JSR with diluted mixtures and intermediate temperatures were also 
included in the sampling. The fuel mixture consists of 25% MD, 25% MD9D and 50% n-heptane 
in mole. The worst case error tolerance was set to be 30%. Such an error tolerance is comparable 
to the overall uncertainty of the detailed mechanism, as such there is no significant loss in 
chemical fidelity through the skeletal reduction [114]. It will be further shown in the next section 
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that the resulting skeletal mechanism obtained with such an error tolerance performs well in 
predicting experimental data in most cases compared with the detailed mechanism.  
The method of revised DRG presented in Chapter 3 was first applied to eliminate 
unimportant species and reactions from the detailed mechanism, and a 664–species skeletal 
mechanism was obtained. Isomer lumping [115] was subsequently applied to the 664-species 
skeletal mechanism to further reduce the mechanism size. Isomers feature similar 
thermodynamic and transport properties, such that their governing equations can frequently be 
grouped provided that their intra-group concentrations can be reconstructed from the group 
concentrations for the evaluation of their chemical production rates. The simplest strategy for 
isomer lumping is to detect isomer groups that feature fixed intra-group mole fractions, such that 
the concentration of each group member can be obtained from that of the entire group multiplied 
by a constant factor and the group reaction rates can be computed as the summation of the 
reaction rate of each isomer group member. More details on this approach can be found in Ref. 
[115].  Using isomer lumping, a 641-species skeletal mechanism was generated.  To overcome 
the challenge to further reduce the mechanism to about 100 species, a revised DRGASA method 
was employed in the present reduction. Based on the previous procedure in Refs. [14, 15], the 
reduction error induced by eliminating a species is first estimated in DRGASA, such that the 
errors can be sorted in ascending order for sequential sensitivity analysis of species elimination. 
Previous studies with DRGASA excluded important species with estimated errors larger than, 
say, 50% from the global sensitivity analysis, because they may cause difficulties in convergence 
and subsequently long computation time if they are selected for elimination by the DRGASA 
algorithm. However, the primary concern in the present work is the final size of the mechanism, 
rather than the reduction cost. Therefore, almost every species was included in the global 
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sensitivity analysis to ensure that the resulting mechanism is minimal in size. A 140-species 
mechanism was consequently obtained with increased reduction cost. 
To achieve a larger extent of reduction, error cancellation proposed by Max Plomer was 
further utilized in the revised DRGASA to minimize the mechanism size in the present work 
[116]. The effect of error cancellation for mechanism reduction is demonstrated in Fig. 6-1 with 
two species A and B. It is seen that removing either A or B individually from the detailed 
mechanism results in errors with opposite signs, while removing A and B together results in a 
skeletal mechanism with a smaller error compared to those by eliminating A and B individually. 
In the present reduction, if the individual eliminations of two species result in opposite errors, 
sensitivity analysis will be performed by test-eliminating the pair of species together. If the error 
induced by the test-elimination is smaller than the error tolerance, the elimination will be 
committed. This process is repeated until no individual species or species pairs can be further 
eliminated based on the given error tolerance. It is noted that only species with small individual 
errors, e.g. smaller than 40%, were considered for error cancellation to avoid substantial 
reduction in the chemical fidelity of the final mechanism. Using the revised DRGASA, a skeletal 
mechanism with 115 species and 460 elementary reactions was eventually obtained.  The species 
list of the skeletal mechanism is available in Appendix D. 
6.3 Results and Discussion 
6.3.1 Mechanism Validations of n-Dodecane 
The 557-species and 106-species skeletal mechanisms for n-dodecane were first validated 
against the detailed mechanism in homogeneous applications including auto-ignition and PSR. 
The 0- and 1-D simulations in this section were performed using CHEMKIN-II [90]. The initial 
conditions and boundary conditions for all the simulations in the present study were carefully 
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selected to make sure they are identical to the experiments and sufficient small time step and grip 
size were chosen to guarantee the convergence of the simulations.  Figure 6-2a shows the 
ignition delay time as a function of initial temperature calculated using the detailed and skeletal 
mechanisms for different pressures, equivalence ratios, and initial temperatures covered in the 
reduction process. It can be observed in Fig. 6-2a that the skeletal mechanisms match quite well 
against the detailed mechanism under most of the displayed conditions, with a worst case error of 
29.6% observed under fuel rich conditions. Figure 6-2b further compares the temperature 
profiles in PSR, calculated at different residence times using the skeletal mechanisms, with that 
using the detailed mechanism. It is seen in Fig. 6-2b that the 557-species mechanism agrees 
tightly with the detailed mechanism, while largest difference in the extinction residence time 
between the 106-species skeletal mechanism and the detailed model is about 30%, while larger 
discrepancies for the 106-species mechanism were observed in the middle branch of the 
temperature profiles. This is because the current combustion model employed in engine 
simulations was based on reaction states sampled from the upper branches as stated in Section 
6.2, while the conditions on middle branches are less relevant to (quasi) steady state combustion. 
The detailed, 557-species and 106-species skeletal mechanisms were then validated against 
experimental measurements obtained under homogeneous combustion conditions, including 
auto-ignition and JSR. Figure 6-3a compares the calculated ignition delay time for n-
dodecaneO2Ar mixture with experiments [117, 118] at various initial temperatures and 
pressures. It is observed in Fig. 6-3a that the skeletal mechanisms agree closely with the detailed 
mechanism, with the worst case error being approximately 30% in the low temperature regime, 
and all the mechanisms well predicted the experimentally measured trends in ignition delay. 
Figure 6-3b further shows the comparison between the calculated and measured [119] ignition 
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delay times for a stoichiometric n-dodecaneair mixture at 20 atm. It can be seen that the skeletal 
mechanisms well reproduced the results of the detailed mechanism, while a worst case 
discrepancy by a factor of two was observed in the NTC region between the experiments and 
simulations. This discrepancy between model and data was nevertheless considered acceptable 
given the uncertainties in the kinetic rate constant estimations and experimental measurements. 
All mechanisms were then compared with the experimental speciation measurements [120] of n-
dodecane thermal decomposition in JSR, as shown in Fig. 6-4. The agreements for the fuel and 
minor species are quite good, while the accuracy of these species were not included in the targets 
in DRGASA. The skeletal mechanisms are further validated against the 1-D flame data, 
including both premixed and non-premixed flames. Figure 6-5 compares the simulated and 
experimentally measured [93, 121] laminar premixed flame speed of n-dodecane/air as a 
function of equivalence ratio under atmospheric pressure with a freestream temperature of 403 
K. It can be seen in Fig.6-5 that the 557-species skeletal mechanism well predicts the 
experiments while the 106-species skeletal mechanism overall under-predicts the flame speed 
with a worst case discrepancy of about 10 cm/s near the stoichiometric condition. Nevertheless, 
the present skeletal mechanism was primarily developed for diesel engine conditions, for which 
accurate prediction of laminar flame speed is of minor importance. The mechanism may need to 
be augmented before being employed in simulations of premixed flame propagation. The 106-
species skeletal mechanism is further validated in Fig. 6-6 with a 1-D non-premixed counter-
flow flame [122] of diluted n-dodecaneO2N2 mixture (1.5% n-dodecane and 98.5%N2 in 
mole) at atmospheric pressure. It is seen that the highly reduced skeletal mechanism qualitatively 
predicted the temperature profile. Note that the simulated peak temperature is bracketed by the 
spherically and cylindrically corrected measured temperature profiles. The temperature 
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correction is due to the uncertainty associated with the actual shapes of the thermocouple probe 
used in the experiment, and the peak flame temperature is expected to reside between the two 
corrected values [32]. While the skeletal mechanism can be refined when improved experimental 
measurements and detailed kinetic mechanisms with smaller uncertainties become available, the 
present skeletal model is considered appropriate for the present 3-D engine simulations 
considering the need to balance the chemical fidelity and the computational cost. 
The 106-species skeletal mechanism is further validated against experimental data 
obtained in a 3-D constant volume combustion chamber under CI engine conditions from Sandia 
National Laboratories [123, 124]. The 3-D engine simulation results and discussions were 
obtained from Dr. Som Sibendu at Argonne National Laboratory [98].  
Figure 6-7 presents a comparison of the measured [125, 126] and predicted flame LOL 
and ignition delay as a function of ambient temperature. In general simulations can capture the 
trend that increasing the ambient temperature results in lowered ignition delays.  However, 
ignition delay is over-predicted under all ambient temperature conditions especially at 900 K and 
1200 K, with errors being approximately 40%. Ignition delay in a two-phase flow consists of 
physical and chemical delays. Hence this over-prediction of ignition delay can result from both 
the spray processes and the reduced chemical kinetic mechanism. Global spray characteristics 
such as spray and vapor penetration under all ambient temperature conditions were well 
predicted by the spray modeling approach. This does not however ensure that the physical delay 
is being predicted correctly. It should be further noted that the uncertainty in the measured values 
for LOL and ignition delays were not available. Figure 6-7 further shows that an increase in 
ambient temperature (keeping ambient density constant) results in lowering of flame LOL due to 
the increased chemical reactivity, which moves the ignition and flame stabilization locations 
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upstream. It should be noted that in simulations for each ambient temperature case, LOL is 
determined at 1.5 ms ASI. In general, the skeletal mechanism predicts the overall trends of LOLs 
very well, with the worst case error of approximately 22%. It is noted that a good spray model is 
necessary but not sufficient for accurate LOL prediction.  
6.3.2 Mechanism Validations for Biodiesel 
The 115-species skeletal mechanism for biodiesel surrogate was first validated against 
the detailed mechanism in homogeneous applications including auto-ignition and PSR. Figure 6-
8a shows the ignition delay time as a function of the initial temperature calculated using the 
detailed and skeletal mechanisms for different equivalence ratios and initial temperatures 
covered in the reduction process. In general, good accuracy was observed. Figure 6-8b compares 
the temperature profiles of PSR calculated using the skeletal mechanism to that using the 
detailed mechanism, at various equivalence ratios and pressures. It is seen that the skeletal 
mechanism accurately mimics the branches above the upper turning points, where temperature is 
higher than approximately 1400 K for the fuel lean cases while 1600 K for the fuel rich cases. 
Some larger discrepancies were observed on the middle branches of the curves with temperature 
ranging from 1000 to 1400 K at ϕ = 2 and around 1300 K at ϕ = 0.5. This is due to the fact that 
those reaction states were not included in the sample space for the present reduction since they 
are not relevant to stable combustion systems at steady state.  
The updated detailed mechanism and the 115-species skeletal mechanism were then 
validated against the experimental measurements for homogenous applications including auto-
ignition and JSR. In this section, the same fuel-oxidizer composition as that in the experiments is 
used in the simulations. Figure 6-9 compares the calculated ignition delay time for n-heptane-air 
mixture with the experiments at various initial temperatures under fuel lean condition (ϕ = 0.4). 
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The experimental data were reported by Herzler et al. [127]. It can be observed in Fig. 6-9 that 
both mechanisms predict the experimental trends of ignition delay well. In addition, the 115-
species skeletal mechanism shows better agreement with the experimental results at low-
temperature conditions. Figure 6-10 shows the comparison between the calculated and measured 
ignition delay times for different MD mixtures. The experimental data was obtained from Ref. 
[128] and Ref. [129],  respectively.  Figure 6-10a compared the results at extreme fuel-lean 
condition (ϕ = 0.1). It is seen in Fig. 6-10a that the simulations with both mechanisms agree well 
in trend with the experiments, and the skeletal mechanism again accurately reproduced the 
simulations of the detailed mechanism. It is noted that some discrepancies were observed 
between the simulations and experiments. Those discrepancies are probably due to the low bond 
dissociation energies values of carbon atoms in MD [130], or C1 and C2 chemistry. Updating the 
detailed mechanism for such extreme condition is beyond the scope of the present work and 
merits future study. Figure 6-10b then plots the calculated and measured results at p = 16 bar and 
ϕ = 0.5. It can be observed in Fig. 6-10b that both the skeletal and the detailed mechanisms well 
predict the ignition delays, covering from high temperature to the NTC region. The skeletal and 
detailed mechanisms were further compared with the experimental measurements for the 
oxidation of rape-seed methyl ester (RME) in JSR. The experimental study was reported by 
Dagaut et al. [131]. Figure 6-11 compares the calculated species profiles for the biodiesel 
surrogate mixture with the experimental results at various equivalence ratios in JSR with 
nitrogen dilution. Fair agreement was again observed, while the skeletal mechanism shows a 
better prediction than the detailed mechanism for certain species, e.g. C2H4.  
Next, the skeletal mechanism is validated for 1-D flames, including both premixed and 
non-premixed flames. Since it is difficult to simulate the 1-D flames using the large detailed 
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mechanism, only the results from the skeletal mechanisms (641-species and 115-species) are 
shown. A database of molecular transport parameters for species in the kinetic model was 
developed in the present study.  The transport properties for C0-C4 species and species related to 
the oxidation of n-heptane were obtained from a previous kinetic model for large alkane 
combustion [104].  Transport parameters for species related to the oxidation of MD were 
obtained from a recent kinetic modeling study [96].  The transport properties of the unsaturated 
MD9D molecules are taken as identical to those of MD. For radical species, the transport 
properties of their stable counterpart are used.  Transport properties for species in the low 
temperature mechanism (i.e., RO, RO2, ROOH, QOOH, cyclic ethers, etc.) are taken as the same 
as the parent fuel molecule from which they are derived.  These assumptions are unlikely to 
significantly affect simulations since the concentrations of these species are small and the 
reactivity of the system is typically driven by the fuel’s transport properties. The experimental 
data in Fig.6-12 for the premixed flame speed was taken from Ref. [132] for MD-air mixtures 
under atmospheric pressure. The simulations results of both skeletal mechanisms show good 
agreements against the experiments in terms of peak values and flame speeds under fuel-rich 
conditions, while a worst case discrepancy of about 5 cm/s is observed at fuel lean conditions. 
Figure 6-13 plots the calculated temperature and species profiles with the skeletal mechanism 
along with the measured data by Sarathy et al. [96] for a non-premixed counter-flow flame of 
MD at atmospheric pressure. The diluted MD (1.8%MD and 98.2%N2 in mole fraction) mixture 
was used as the fuel in the simulation to match the experimental condition. In addition, the same 
boundary conditions from the experimental configuration were used for inlet temperatures, 
mixture compositions, and flow velocities. The predictions of temperature and species profiles 
are overall encouraging. In particular, the calculated major species profiles for MD, CO, and CO2 
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are in excellent agreement with the experimental data. Since the 115-species skeletal mechanism 
was developed targeting the characteristics in homogeneous system such as ignition delay and 
extinction residence time in PSR, additional validations will be needed before applying it for 
flame simulations. 
Further validation of the 115-species biodiesel surrogate mechanism is performed in a 3-
D constant volume combustion chamber under CI engine conditions [133-135]. The simulation 
results and discussions were obtained from Dr. Som Sibendu at Argonne National Laboratory 
[98].  
Figure 6-14 first compares the measured and computed OH profiles at ambient 
temperatures of 900 K and 1000 K. The experiments provide ensemble averaged OH 
chemiluminescence images for qualitative comparisons of flame shape and lift-off length values. 
Due to the axi-symmetric nature of the spray and combustion processes, images are presented on 
a cut-plane through the center of the fuel jet. The flame lift-off location is shown by the red 
dashed line and the average equivalence ratio at flame lift-off location is also shown. The spray 
axis is demarcated using a white dashed line. The field of view is 75 mm x 25 mm in the axial 
and radial directions respectively. The width and length of the flame is well captured by the 
simulations at both ambient temperature conditions. 
The lift-off length is observed to be over-predicted by the simulations with worst case 
error of around 15% under both ambient temperature conditions. Since lift-off length is over-
predicted, it is not surprising that the average equivalence ratio at lift-off is under-predicted by 
the simulations. For example, a calculated equivalence ratio of 2.05 compares well to the 
experimentally measured value of 2.08 at 1000 K. It is noted that the definitions used for 
calculating equivalence ratio values at the lift-off locations are different between experiments 
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and simulations. Equivalence ratio is not a direct measurement from experiments, therefore 
flame lift-off length values are used in the analytical expressions by Naber and Siebers [136] to 
obtain the average equivalence ratios. In the present simulations, equivalence ratio is averaged 
over a transverse line 8 mm long at the lift-off location (as shown in Fig. 6-14). The dimension 
of the transverse line depends upon the width of the flame and is selected to ensure that the 
significant temperature and equivalence ratio gradients are encompassed. Considering the 
difference in definitions of equivalence ratio values, the proximity of simulation and 
experimental values is very encouraging.   
The lift-off length, ignition delay, and equivalence ratio at lift-off length values are 
further summarized in Table 6-1. The ignition delay is over-predicted at 900 K by the simulation 
with the calculated value being 0.711 ms versus a measured value of 0.683 ms. However, at 1000 
K ambient temperature condition, the ignition delay is under-predicted with the calculated value 
being 0.411 ms versus a measured value of 0.396 ms. Overall, the differences between the 
measured and simulated values are less than 10%. The differences in flame lift-off length and 
ignition delay in the present study could be primarily due to either the uncertainties in the 
detailed mechanism and spray models implemented or the reduction error in the skeletal 
mechanism. It should also be noted that the uncertainties (i.e., error bars) in measurements are 
not reported in the experimental study. 
6.4 Conclusion 
A 106-species skeletal mechanism for n-dodecane and a 115-species skeletal mechanism 
for biodiesel surrogate (MD, MD9D and n-heptane) including low-temperature chemistry were 
developed with DRG-based methods. The corresponding detailed mechanisms were validated 
with experimental data including the ignition delays and the species profiles in JSR.  
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The detailed mechanisms were then reduced by revised DRG-based methods. Substantial 
reduction in the mechanism size of biodiesel was achieved by carefully utilizing error 
cancellation in the reduction by DRGASA. In the present study, only the species with errors 
smaller than 40% were considered in error cancellation. Comprehensive validations of the 
skeletal mechanism against the detailed mechanism were further carried out to guarantee its 
chemical fidelity. The validations show that the small skeletal mechanism performs well over a 
wide range of parameters for both ignition and extinction applications. Extended validations 
were further performed for various experimental conditions including homogenous system, 1-D 
flames and 3-D turbulent spray combustion at CI engine conditions. The mechanism is shown to 
be versatile and robust since it performs satisfactorily in predicting the ignition delay and flame 
lift-off length, as well as the OH and soot concentration profiles under a variety of conditions. As 
such those skeletal mechanisms are suitable for multi-dimensional engine combustion 
simulations. It is noted that limited by the current computation power it is too expensive to 
validate both the skeletal and detailed mechanisms in 3-D engine simulations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
102 
 
 
Figure 6-1 The temperature profiles of auto-ignition to demonstrate the effect of error 
cancellation. The results were from Ref. [116]. 
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Figure 6-2 Comparison of the 557-species (Δ) and 106-species skeletal mechanisms (o) with the 
detailed mechanism (Lines) for n-dodecane-air, a) ignition delays, and b) extinction temperature 
profiles in PSR.   
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Figure 6-3 Comparison of calculated and measured ignition delays of n-dodecane at (a) ϕ = 0.5, 
solid lines: detailed mechanism, dashed-dot lines: 557-species skeletal mechanism, dashed lines: 
106-species skeletal mechanism, circles: data from aerosol shock tube experiment (n-
dodecane/21%O2+Ar)[117], triangles: data from heated shock tube experiment (n-dodecane/air) 
[118]. (b) ϕ = 1, symbols: data from heated shock tube experiment (n-dodecane/air) [119]. 
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Figure 6-4 Comparison of calculated and measured (a) conversion percent of n-dodecane 
thermal decomposition (b) species profiles, in JSR, at p =1 atm and  = 1 s. Solid lines: detailed 
mechanism, dashed-dot lines: 557-species skeletal mechanism, dashed lines: 106-species skeletal 
mechanism, symbols: experimental data from the experiments [120]. 
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Figure 6-5 Laminar flame speed as a function of the equivalence ratio for n-dodecane-air 
mixture at atmospheric pressure and initial temperature of 403 K. Symbols: experimental 
measurements [93, 121], solid lines: calculated values with the 557-species skeletal mechanism, 
dashed lines: calculated values with the 106-species skeletal mechanism. 
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Figure 6-6 Comparison of the predicted and measured [122] temperature profiles in a 1.52% n-
dodecane/75% oxygen diffusion flame at a strain rate of 105 s
-1
.  
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Figure 6-7 Measured [123-125] and predicted flame lift-off length and ignition delay, vs. 
ambient temperature, for conditions depicted in Table 6-1. The figure was adapted from Ref. 
[98]. 
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Figure 6-8 Comparison of the 115-species skeletal mechanism with the detailed mechanism for 
biodiesel-air mixture, a) ignition delays, and b) extinction temperature profiles in PSR. 
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Figure 6-9 Comparison of simulated and measured ignition delay times as a function of the 
initial temperature for n-heptane/air mixture at pressure of 50 bar and equivalence ratio of 0.4. 
The measurement data were obtained from Ref. [127]. The calculation was performed with the 
detailed and 115-species skeletal mechanisms, respectively. 
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Figure 6-10 Comparison of simulated and measured ignition delay times as a function of the 
initial temperature for (a)MD-O2-Ar mixture at pressure of 8 bar, equivalence ratio of 0.09 and 
fuel mole fraction of 1005 ppm, and (b)MD-air mixture at 16 bar and ϕ = 0.5; the measurement 
data were obtained from Ref. [128] and Ref. [129] respectively. The calculation was performed 
with the detailed and 115-species skeletal mechanisms, respectively. 
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Figure 6-11 Species concentrations in JSR as a function of temperature for RME at pressure of 
10 atm and residence time of 1 s.  Symbols: experimental data [92], solid lines: values calculated 
with the detailed mechanism, dash lines: values calculated with the 115-species skeletal 
mechanism. 
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Figure 6-12 Laminar flame speed as a function of the equivalence ratio for MD-air mixture at 
atmospheric pressure and initial temperature of 403 K. Symbols: experimental measurements 
[132], Solid line: calculated values with the 641-species skeletal mechanism, dash lines: 
calculated values with the 115-species skeletal mechanism. 
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Figure 6-13 Species profiles computed with the 115-species skeletal mechanism (lines) 
compared with experimental measurements (symbols) by Sarathy et al. [96], for opposed-flow 
flames under atmospheric pressure.  
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Figure 6-14 Validation of flame lift-off length against the OH-chemiluminescence data from 
Ref. [137] at 900 K and 1000 K.  The average equivalence ratio at flame lift-off location is also 
indicated. The figure was adapted from Ref. [98]. 
 
 
 
  
1.23 29.26 mm
OH contour - Simulation
OH-chemiluminescence
OH-chemiluminescence
2.05 19.01 mm
OH contour - Simulation
OH-chemiluminescence
2.05 19.01 mm
OH contour - Simulation
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Table 6-1. Validation of simulation results for ignition delay, flame lift-off length, and 
equivalence ratio at lift-off location against data from Sandia National Laboratory [137] at 900 K 
and 1000 K. The table was adapted from Ref. [98]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ignition Delay Lift-off length Equivalence Ratio
(ms) (mm)
Sandia Data 0.683 26.18 1.35
Uconn-115 Mechanism 0.711 29.26 1.23
Sandia Data 0.396 17.27 2.08
Uconn-115 Mechanism 0.411 19.01 2.05
T = 900 K
T = 1000 K
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Chapter 7 Chemical Explosive Mode Analysis for  
a Turbulent Lifted Ethylene Jet Flame in Highly-Heated Coflow 
7.1 Introduction 
Flame stabilization is an important topic in the study of lifted jet flames [138-141]. 
Depending on the flame configuration, various explanations of the stabilization mechanisms 
were proposed based on premixed and non-premixed flames [142-145], auto-ignition [146, 147], 
and turbulence-flame interactions [144, 148, 149]. Some postulations involved are, however, 
difficult to verify with experiments, particularly when there is limited access to detailed spatial 
and temporal species information. Numerical simulation, particularly direct numerical simulation 
(DNS), provides abundant information associated with the complex flow and species fields. 
Consequently DNS has been adopted in the computational diagnostics of lifted turbulent flames 
[150-152] in order to understand their stabilization and structure.  However, while 3-D DNS of 
turbulent flames have been performed recently with realistic chemical kinetics [153, 154], the 
lack of systematic and rigorous diagnostic utilities have limited the extraction of salient 
information from massive DNS datasets.  
In conventional flame diagnostics, temperature or an individual species concentration has 
been employed for the detection of critical features such as ignition, extinction, and flame fronts 
[155]. For example, OH concentration is frequently used as an indicator of flame zones in laser 
diagnostics and computational analysis [156]. While such scalars have been successful in many 
studies, the distribution of a specific scalar such as the OH concentration in flames is 
complicated by the wide range of local conditions and flow-chemistry interactions [157]. 
Consequently a thorough understanding of the flame characteristics based on such state 
properties is invariably needed before concrete conclusions can be drawn for a specific problem. 
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The requirement of significant human interaction, therefore, renders these methods difficult to 
apply in the systematic analysis of DNS datasets. 
To resolve the complex couplings between flame and flow, eigen-analysis has been used 
in multi-component combustion problems, with two prominent examples being the methods of  
intrinsic low-dimensional manifold (ILDM) [33] and computational singular perturbation (CSP) 
[31, 158]. ILDM and CSP have been extensively studied in kinetic mechanism analysis and 
reduction, as reviewed in Ref. [54]. Eigen-analysis has also been found to be useful in 
understanding such limit phenomena as ignition in flow reactors and extinction of steady-state 
flames [159-161].  Recently, the method of chemical explosive mode (CEM) analysis (CEMA) 
was proposed as a systematic flame diagnostic for a variety of flames involving detailed and 
reduced chemical kinetics [157].  CEMA is based on the eigen-analysis of the Jacobian matrix of 
the chemical source term, and CEMs play critical roles in affecting explosive chemical processes 
and in demarcating the pre- and post-ignition mixtures in auto-ignition and flames. For example, 
while it is not straightforward by conventional analysis to identify the stabilization mechanism of 
the lifted flame, CEMA has clearly revealed that auto-ignition is the dominant stabilization 
mechanism in a turbulent lifted hydrogen jet flame in a hot coflow [157]. It is noted that CEMA 
finds its premises and theoretical grounding in the CSP method, while devoting special attention 
to the role of positive eigenvalues of the chemical Jacobian. A variety of CSP tools and concepts 
can be extended or modified to be used in CEMA. Indeed, while the study of explosive modes 
with CSP has been only preliminary thus far, CEMA focuses on the analysis of turbulent reactive 
flows and other limiting phenomena in combustion. 
To further demonstrate the utility of CEMA to more chemically complex systems, we 
shall apply it to visualize and provide diagnostics to identify the stabilization mechanism and 
119 
 
flame structure in a lifted ethylene jet flame, simulated with Sandia’s S3D DNS code [156]. We 
shall demonstrate in due course the richness of the phenomena, and the utility of CEMA in 
identifying them. 
7.2 Methodology 
 We shall first briefly review the method of CEMA developed in Ref. [157]. The 
differential equations of a typical reacting flow can be expressed in discretized form as: 
  )()()( ysyωyg
y

Dt
D
  (7-1) 
where D/Dt is the material derivative, which can be replaced by d/dt in the Lagrangian 
coordinate, and y is the vector of dependent variables such as species concentrations and 
temperature. Note that for spatially discretized flows, the chemical species concentration at 
different grid points corresponds to different entries in y. The chemical source term is denoted as 
, while s includes all non-chemical sources such as diffusion in flames and the homogeneous 
mixing term in stirred reactors. The local chemical information is fully encoded in the Jacobian 
matrix, J, of the chemical source term, .  A chemical mode is defined as an eigen-mode of J, 
each associated with an eigenvalue and a corresponding pair of left and right eigenvectors. A 
chemical mode is further defined as a CEM if the real part of the associated eigenvalue, e, is 
positive [157]. Therefore, the existence of a CEM indicates a mixture that is explosive in nature, 
i.e. the rates tend to grow exponentially along the direction of the eigenvector associated with the 
CEM if the mixture is left isolated in a lossless environment where the term s in eq. (7-1) is 
negligible. While such a tendency of exponential growth does not necessarily lead to thermal 
runaway in lossy environments, it remains to be an intrinsic feature of ignitable mixtures. 
In spatially inhomogeneous systems, the CEMs interact with diffusion and other mixing 
processes. As such, it may not always result in ignition if the time scale of a CEM is longer than 
120 
 
those of the losses. The competition between the CEMs and the losses can be approximately 
quantified by a Damköhler number defined as 
 1 eDa , (7-2) 
where  is a reciprocal characteristic time scale of the diffusion or loss term s, e.g., the scalar 
dissipation rate in turbulent flames. A mixture with Da >> 1 then indicates a dominant CEM that 
will likely result in actual ignition; otherwise ignition may be suppressed by the losses. 
The contribution of a chemical species to a CEM is quantified by the explosion index 
(EI), defined in a similar manner to the radical pointer in CSP [31, 158], 
                                                        
|)|(
||
ee
ee
diagsum
diag
ba
ba
EI  ,                                           (7-3) 
where ae and be are the right (column) and left (row) eigenvectors, respectively, associated with 
the CEM, and “| |” denotes the element-wise absolute values. EI is a normalized vector with each 
entry lying within [0, 1]. A large entry close to unity indicates that the ith variable, e.g. a species 
or temperature is dominant in the CEM.   
More detailed discussions of eqs. 7-(1-3) can be found in Ref. [157]. In the present work, 
the contribution of a reaction to the CEM is quantified by the participation index defined in CSP 
[158] but ignoring the sign and the error term, 
                                                  
 
  |)(| RSb
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


e
e
sum
 ,                                             (7-4) 
where S is the stoichiometric coefficient matrix, R is the vector of net rates for the reactions,  
“” denotes the element-wise multiplication of two vectors. Note that S consists of a column 
corresponding to the heat release of each reaction since temperature is a variable included in the 
vector y in eq. (7-1). Each entry in PI is also normalized to [0, 1]. If the ith entry is close to 
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unity, the ith reaction is dominant in the CEM. CEMA is next applied as a computational 
diagnostic of hydrocarbon flames with ethylene as the target fuel.  
7.3 Kinetic Mechanisms for Ethylene 
The detailed USC (University of Southern California) mechanism for ethylene oxidation 
[162] was employed in the following numerical simulations of reactions and flames involving 
ethylene–air. This detailed mechanism consists of 75 species and 529 elementary reactions, and 
was extensively validated with experimental measurements. While the detailed mechanism is 
affordable for 0-D and 1-D simulations, it is prohibitive for 3-D DNS of ethylene jet flames and 
a substantial reduction is required. The algorithms reviewed in Ref. [1] were employed in the 
present mechanism reduction. First, directed relation graph (DRG) [11] and DRG-aided 
sensitivity analysis (DRGASA) were sequentially applied to eliminate unimportant species and 
reactions from the detailed mechanism, and a skeletal mechanism with 32 species and 206 
reactions was obtained. Second, quasi steady-state (QSS) approximations (QSSA) were applied 
to the fast depleting radicals to further reduce the number of transported variables. QSS species 
can be identified with various approaches including the CSP-based methods [8, 19].  Using the 
CSP-based algorithm in Ref. [19], ten species, namely CH, CH2, CH2*, HCO, CH3O, H2CC, 
C2H3, C2H5, CH2CHO, n-C3H7, were identified to be good QSS candidates over a wide range of 
conditions. A 22-species reduced mechanism was therefore obtained. The algebraic equations 
associated with the QSS species were solved analytically using linearized QSSA (LQSSA) [73], 
such that high robustness and efficiency can be achieved in DNS. As a byproduct of the QSSA, it 
was found that the shortest chemical time scale in the reduced mechanism is approximately 6 
nanoseconds at atmospheric pressure, while the shortest time scale in the detailed mechanism is 
approximately 0.07 ns. Since the shortest chemical time scale of the reduced mechanism is 
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comparable to that determined by the Courant-Friedrich-Lewy (CFL) condition, the reduced 
mechanism is non-stiff for the present DNS, and efficient explicit integration solvers can be 
employed. 
Figure 7-1 shows selected validation of the reduced mechanism for perfectly stirred 
reactors (PSR), which is a representative extinction application, auto-ignition and 1-D premixed 
laminar flames. The worst case error in Fig. 7-1a is approximately 10% in ignition delay and 
extinction residence time. The error in the laminar flame speed in Fig. 7-1b is smaller than 4 
cm/s.  Similar errors were observed for mixtures with different equivalence ratios between 0.5-
1.5 in the pressure range of 1-50 atm. The errors are smaller or comparable to the uncertainty in 
the detailed mechanism. As such the reduced mechanism is an accurate surrogate for the detailed 
mechanism in the present study. The reduced mechanism is available in Appendix E.  
7.4 CEMA for Limit Phenomena and Premixed Flames 
In the previous investigation of CEMA in Ref. [157], it was found that CEMs play an 
important role in igniting mixtures in auto-ignition and premixed flames. In the present study, it 
will be shown that CEMs are also important for extinction applications. To demonstrate the role 
of CEMs in typical 0-D and 1-D systems, the temporal evolution of the time scales of CEM is 
first shown in Figs. 7-(2-5) for auto-ignition, PSR, and 1-D laminar steady premixed flames, 
respectively.  
7.4.1 The Role of CEM in Ignition 
Figure 7-2a shows the temperature profiles for a stoichiometric ethylene-air mixture at 
various initial temperatures during adiabatic and constant-pressure auto-ignition. The symbols’ 
face color superimposed to temperature indicates the magnitude of e for the CEM.  Specifically, 
CEMs exist for the points in red and are absent for the points in white. The inflection point of 
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each temperature profile, demarcated by the plus sign, is the widely accepted definition of the 
ignition point. It is seen in Fig. 7-2a that the ignition points are very close to the crossover points 
where the eigenvalues of CEMs cross zero. Figure 7-2b further shows the magnified profiles for 
temperature and the eigenvalue, e, of the CEM close to the ignition point for auto-ignition of 
stoichiometric ethylene-air at atmospheric pressure and an initial temperature of 1400 K. It is 
seen that the eigenvalue of the CEM increases at the stage of thermal runaway, attaining its peak 
value near the ignition point. It then rapidly decreases and vanishes within a time frame that is 
much shorter than that of the thermal runaway. Passing the crossover point, the CEM evolves to 
a decaying mode associated with a negative eigenvalue, which in the current simulation controls 
the rate at which the mixture evolves towards chemical equilibrium, because the next slowest 
non-conservative chemical mode features a shorter time scale as indicated by the associated 
eigenvalue 2.  
Since the crossover points of CEMs are very close to the inflection points on the 
temperature profiles, the crossover point of a CEM can be an alternative definition of the ignition 
point. For further explanation, the correlation between temperature and the CEM is first analyzed 
in auto-ignition, for which eq. (7-1) can be simplified to be 
.                                            )()( yωyg
y

dt
d
.                                                    (7-5) 
The CEM, fe, for eq. (7-5) can then be expressed as: 
                                                      
dt
d
f eee
y
bgb  ,                                                  (7-6) 
where be is the left eigenvector associated with the CEM. By approximating eq. (7-5) with a 
local linear system, i.e., ignoring the time dependency of be, the temporal evolvement of the 
CEM constituent, ce, can be expressed as 
124 
 
ee
ee f
dt
df
dt
cd

2
2
, 
where 
 .                                                         yb  eec .                                                                (7-7)      
It is seen that the crossover point, where e = 0, is the inflection point on the profile of the mode 
constituent ce for the local linear system. For auto-ignition at thermal runaway where 
temperature is dominant in ce, the inflection point on the temperature profile is expected to be 
strongly correlated with, and thereby close to, the crossover point of the CEM, while they are 
typically not identical. Therefore, the crossover point of the CEM serves as a separatrix between 
the pre-ignition mixture, which is explosive, having CEM, and the post-ignition mixture, which 
is non-explosive, having no CEM. 
In many cases, it can be advantageous to define the ignition point based on CEM rather 
than the inflection point on the temperature profile, e.g. when the mixture ignites in an 
isothermal environment. Figure 7-3a shows the ignition of a stoichiometric mixture of ethylene 
and N2-diluted air (99% N2 in mole) at atmospheric pressure and constant temperature of 1200 
K. Since temperature remains constant, an alternative scalar, such as the concentration of a 
reactant, product or a radical, can be employed instead to identify the ignition point. It is seen 
from the profile of e that the CEM crosses zero twice, approximately at residence times of 1 ms 
and 9 ms, respectively. Scrutinizing the EI of species reveals that species H and O2 are dominant 
in the CEM near the two crossover points, respectively. Therefore, the first crossover point 
primarily involves radical proliferation and the second crossover point is more related to fuel 
oxidization. It is further seen that inflection points exist on the profiles of the selected species 
near the crossover points. This observation again confirms the correlation between the crossover 
of CEMs and ignition. Nevertheless, it is seen that the inflection points of different species 
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profiles, demarcated by the plus signs, are not identical, and the first inflection points for C2H4 
and O2 are even difficult to observe due to the small local slope. Therefore, it is quite empirical 
to choose either temperature or a single species concentration to define the ignition point while 
CEMA can provide an unambiguous definition for the present isothermal system.  
It is further noted that for the isothermal ignition shown in Fig. 7-3a, there are two CEMs 
near each of the crossover points. To show the CEMs more clearly, the profiles of the chemical 
modes were magnified in Fig. 7-3b near the crossover points. Near both crossover points, the two 
CEMs merge to form a complex conjugate pair, for which only the real parts of the eigenvalues 
are shown. This example shows that multiple or complex CEMs may exist in a mixture. While 
the role of the imaginary part of a complex eigenvalue in flame diagnostics merits further 
investigation, it is clear that the real part of a complex eigenvalue controls the growth rate of the 
CEM, and the imaginary parts are primarily associated with oscillation for auto-ignition. 
Furthermore, since a CEM with shorter time scale tends to evolve faster than that with a longer 
time scale, we shall focus only on the CEM with the largest real part of e for each mixture in the 
present study. 
7.4.2  The Role of CEM in Extinction 
Figure 7-4a shows the temperature profiles under various pressures for stoichiometric 
ethylene–air in PSR, which is a steady-state extinction problem. The reciprocal time scale of the 
CEM is again indicated by the face color of the symbols. It is seen that each temperature profile 
consists of an upper and a middle branch from the typical combustion S-curve. The turning point 
indicated by the plus sign on each profile is conventionally known as the extinction point, 
beyond which strong chemical reactions cannot be sustained. It is seen that while CEM is absent 
in the mixtures near equilibrium, e.g. the points on the upper branches with large residence time, 
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it emerges as approaching the extinction points where chemical reaction becomes incomplete due 
to reduced temperature and, consequently, reduced chemical reaction rates.  
To further explain the slight difference between the turning points and locations where 
CEMs start to appear, it is worth mentioning that the turning points in the profiles in Fig. 7-4a 
are the bifurcation points where the full Jacobian Jg of the RHS of eq. (7-1) is singular [159]. 
The zero eigenvalue of the full Jacobian consists of the contributions from the chemical source 
term and loss, respectively: 
                                                         0)(  abJabJJ sωg ,                                               (7-8) 
where b and a are the left and right eigenvectors of Jg, respectively, associated with the zero 
eigenvalue, and Js is the Jacobian of the term s in eq. (7-1). Since PSR is a spatially 
homogeneous application featuring only a single loss time scale, , which is the residence time, it 
can be shown that the contribution of loss to   is 
1 abJ s ,                                                                   (7-9) 
because Js is approximately a diagonal matrix with all the diagonal terms being -
-1
. 
Furthermore, since the residence time remains mostly unchanged at the extinction point when 
marching along the extinction curve in PSR, the eigenvalue (Jg) in eq. (7-8) crosses zero at the 
extinction point primarily because of the drastic change in the chemical time scales, particularly 
that of the CEM, which are sensitive to temperature due to the large activation energies for 
practical fuels.  
To further explain the important role of CEM in causing the extinction in PSR, we may 
assume that b and a in eq. (7-8) are parallel to be and ae, respectively, of the CEM. i.e. the CEM 
is a dominant component in the full Jacobian’s eigen-mode that crosses zero. In such cases, 
                                                             eee  aJbabJ ωω ,                                                 (7-10) 
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such that (Jg) crosses zero in eq. (7-8) when 


1
e .                                                              (7-11) 
i.e. the full Jacobian of PSR is singular when the time scales of the CEM approximately balances 
that of the loss term. To demonstrate this point, Figure 7-4b shows the profiles of e and 
-1
 for 
the case under atmospheric pressure in Fig. 7-4a, together with the eigenvalue, 2, of the second 
non-conservative chemical eigen-mode. It is seen that the point where e is equal to 
-1
 is very 
close to the extinction point extracted from the corresponding profile in Fig. 7-4a, while 2 is 
largely irrelevant to the observed criticality. It is therefore clear that the drastic change in e of 
the CEM is the primary factor driving the positive  in the full Jacobian to cross zero at the 
turning point. Furthermore, it is seen that the crossover point of the CEM, at which e crosses 
zero, is very close to the turning point as shown in Fig. 7-4a, and serves as a separatrix between 
the pre- and post-extinction mixtures on an S-curve in the similar manner as that for auto-
ignition. The utility of CEM in capturing limit phenomena and classifying mixtures in 
homogeneous applications is hereby demonstrated. 
7.4.3 CEM in Premixed Flames 
 To further identify the role of CEM in diffusive systems, the temperature profiles for 1-
D premixed flames of ethylene–air at STP with various equivalence ratios are shown in Fig. 7-5. 
For each flame, the cold mixture enters the flame from the left boundary, warms up in the 
preheat zone, becomes explosive (dark red), and eventually ignites approaching the reaction zone 
characterized by the strong curvature on the temperature profile. The post-ignition mixture then 
leaves the flame and approaches chemical equilibrium as being convected downstream. It is seen 
that CEM (pre-ignition mixture) exists only in the preheat zones and the reaction zones. 
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Furthermore, the transition from an explosive to a non-explosive mixture is abrupt, occurring 
within a thin layer in the reaction zone. The crossover point of CEM therefore accurately locates 
the flame front that separates the pre- and post-ignition mixtures. This feature of CEM in 
premixed flames is similar to that in auto-ignition shown in Fig. 7-2a, and will be exploited in 
the following analysis of DNS of a lifted turbulent ethylene jet flame in heated coflowing air. 
 
7.5 Flame Diagnostics with CEMA for DNS 
7.5.1 DNS of an Ethylene Jet Flame 
DNS of a spatially developing turbulent lifted ethylene jet flame in heated coflow was 
performed in a three-dimensional slot-burner configuration [163, 164]. The inlet fuel jet is 
comprised of 18% ethylene and 82% nitrogen by volume at atmospheric pressure and at a 
temperature of 550 K with a jet velocity of 204 m/s. The air coflow is at 1550 K with a velocity 
of 20 m/s. The jet Reynolds number is 10,000 based on the slot width, H = 2 mm. The size of the 
computational domain is 15H × 20H × 3H in the streamwise (x), transverse (y) and spanwise (z) 
directions, respectively. The domain was discretized with 2025 × 1600 × 400 grid points, which 
were required to resolve both the Kolmogorov length scales and the structure of flames and 
ignition fronts.  
The compressible Navier–Stokes, species continuity and total energy equations were 
solved using the Sandia DNS code S3D [156].  The 22-species reduced ethylene mechanism was 
used to reduce the computational cost of the DNS.  Navier-Stokes characteristic boundary 
conditions (NSCBC) and improved inflow/outflow boundary conditions were used to prescribe 
the boundary conditions in the axial x- and transverse y-directions [165-168]. Periodic boundary 
conditions were used in the spanwise z-direction. Based on the mean inlet jet velocity, Uj, and 
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the domain length in the axial direction, Lx, a flow-through time τj = Lx/Uj is approximately 
0.147 ms.  The solution was advanced at a constant time step of 5 ns through 6 τj [163, 164]. The 
DNS required 14 million CPU hours on the Cray XT4 at Oak Ridge National Laboratories with 
30,000 processors and generated 250 terabytes of field data. Details of the DNS of the present 
ethylene jet flame are given in Refs.[163,164]. 
7.5.2 CEMA of the Lifted Flame 
CEMA is applied to DNS of the lifted ethylene jet flame in a heated coflow. The 2-D 
spanwise slice (z = 0) through the center plane in Fig. 7-6 was taken at t = 5 τj. Figure 7-6a 
shows the time scales of CEM, with pre-ignition mixtures shown in red and post-ignition 
mixtures in blue. For additional information, when CEM is not present in a mixture, the non-
explosive chemical mode evolved from the CEM after e crossing zero is shown in blue color in 
a similar manner as a CEM. This non-explosive chemical mode typically is the slowest decaying 
mode that determines the rate at which a mixture relaxes toward chemical equilibrium. 
Therefore, while dark red denotes a highly explosive mixture, dark blue denotes a highly reactive 
near-equilibrium mixture, similar to the near equilibrium mixtures on the upper branches of the 
S-curves in Fig. 7-4a.  It is emphasized that CEM is absent in the blue zones in Fig. 7-6a, and the 
chemical modes associated with negative eigenvalues displayed in the blue zones should not be 
confused with the CEMs.  
The abrupt transition between the pre-ignition (red) and post-ignition (blue) mixtures in 
Fig. 7-6a is indicative of a (partially) premixed flame front, as discussed in Ref. [157]. Highly 
explosive mixtures precede the premixed flames in the mixing layers. Consequently, this 
suggests that auto-ignition may be the dominant flame stabilization mechanism in this flame. To 
further verify this point, Fig. 7-6b shows the spatial distribution of the Damköhler number 
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defined in eq. (7-2), where  is the local scalar dissipation rate defined on mixture fraction. A 
large positive Da, shown in red hues, indicates that the CEM dominates transport such that the 
mixture is auto-igniting. A large negative Da, shown in blue hues, indicates a fast reacting post-
ignition mixture, whose overall reaction progress can be limited by the slower local transport 
processes. As such, the dark blue zones in Fig. 7-6b contain diffusion flame kernels. Note that 
the negative Da is defined based on the least negative no-conservative chemical mode where a 
CEM is not present. Two strips of auto-igniting mixtures (dark red) can be clearly seen in Fig. 7-
6b, resulting in islands of ignited mixtures. Considering that the chemical explosive process 
dominates the dissipative processes in the auto-igniting layer (dark red) where Da > 1000, it can 
be rather safely concluded that auto-ignition is the dominant factor leading to the ignited regions 
downstream of the flame stabilization points, where ignited mixtures (blue) first appear. 
To further compare the present flame stabilized by auto-ignition with regular premixed 
flames, Figure 7-7 shows the Da plot for the three premixed ethylene flames in Fig. 7-5, for lean, 
stoichiometric and rich mixtures, respectively. To compare the time scale of the CEM with that 
of loss near the flame zone, the time scale  in for the premixed flames is chosen to be 
                                                           
2

pc
k
 ,                                                               (7-12) 
where k is the mixture averaged heat conductivity,  is the density, cp is the specific heat 
capacity, and  is the thickness of the preheat zone, which is the distance between the two 
intercepts where the tangent line with the maximum slope of the temperature profile crosses the 
freestream temperature and the adiabatic flame temperature, respectively. For each premixed 
flame in Fig. 7-7, the Da profile shows a narrow peak only near the reaction zone, and Da is small 
in the freestream and the early portion of the preheat zone where temperature is low. As such, 
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auto-ignition cannot stabilize a premixed flame propagating in a frozen mixture and the flame 
structure is self-sustained through the back diffusion of radicals and heat. In contrast, for the 
lifted ethylene jet in the present study, even if the flame is temporarily extinguished by local 
fluctuations, the fresh mixture can re-ignite as it flows along the auto-igniting layers in Fig. 7-6b, 
such that the flame can be stabilized.   
To further verify the roles of auto-ignition in stabilization of the lifted flame identified 
from the above analysis, the two auto-igniting (dark red) streams corresponding to the most 
explosive mixtures with Da > 1000 were extracted from the 2-D flow field in Fig. 7-6a. Along 
each stream, auto-ignition under constant pressure was simulated with initial conditions being 
the sampled local pressure, temperature, and species concentrations on the streams. Figure 7-8a 
shows local temperature and equivalence ratio, defined based on the local concentrations of H, 
C, and O elements, along the two streams. It is seen that temperatures along the auto-igniting 
streams are only a few degrees below the coflow temperature of 1550 K and the mixtures are 
extremely lean with local equivalence ratios mostly falling between 0.001 and 0.01. The 
projected axial location of ignition, xign, for the flow particles along the two streams is estimated 
as: 
                                                                     
ignign uxx  ,                                                 (7-13) 
where x is the current axial location of the particle, u is the axial velocity, and ign is the ignition 
delay time of auto-ignition. It is seen in Fig. 7-8b that the projected ignition position is close to 
the flame stabilization points with x/H ≈ 3−7 shown in Fig. 7-6. Therefore, even without the 
presence of a flame downstream, the mixtures along the two streams will auto-ignite as they are 
advected to the flame stabilization points and the lifted flame can therefore be stabilized. 
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To verify that flame propagation is not a major factor stabilizing the present lifted flame, 
a burner-stabilized 1-D premixed flame was simulated with the inlet boundary conditions 
obtained from the local condition at a leading point on the extracted auto-igniting stream with y 
> 0. Specifically, at the leading point, x/H = 0.03, y/H = 1.4, u = 19.712 m/s, T = 1548.6 K, p = 
0.9994 atm, and  = 0.0041. Since Da > 1000 along the most explosive stream, transverse scalar 
dissipation is negligible compared with the chemical reactions in altering temperature and 
mixture compositions along the stream.  The streamwise evolution of a flow particle between the 
nozzle exit and the flame stabilization point is similar to that of a 1-D burner stabilized premixed 
flame, whose calculated profiles for temperature and time scale of the CEM are shown by the  
symbols in Fig. 7-9. In order to show that the effect of diffusive flame propagation is not 
important in stabilizing the flame, the temperature profile of the same 1-D flame with mixture-
averaged species diffusivities and thermal conductivity reduced by a factor of 1000 is shown by 
the solid line. Note that the burner stabilized premixed flame reduces mostly to auto-ignition in a 
plug flow reactor with such a substantial reduction in species diffusivities and conductivity, 
which nevertheless shows only negligible effect on the flame location and structure as shown in 
Fig. 7-9. Therefore, diffusive flame propagation does not contribute to stabilizing the present 
flame. This is consistent with the finding in Refs. [163, 164]  based on the observation that the 
local displacement speed is significantly higher than that of laminar flame propagation near the 
flame base. It is noted that for the extremely lean mixtures near the stabilization points, the 
laminar flame propagation is very slow primarily because of the low adiabatic flame 
temperature, which is known to have a dominant effect on laminar flame speed [155]. 
To further analyze the structure of the lifted ethylene jet flame, Fig. 7-10 shows the 
controlling state variables, including temperature and species concentrations, in different regions 
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of the lifted jet flame as identified with EI defined in eq. (7-3).   The zones in bright colors are 
dominated by fast chemistry, where the controlling species are determined by EI.  The chemical 
structure in the dark zones is nonetheless inconclusive with CEMA. Therefore we shall only 
focus on discussing the bright zones in Fig. 7-10. The controlling reactions at each selected point 
in Fig. 7-10 obtained from PI defined in eq. (7-4) are listed in Table 7-1. It is first seen that 
species O and OH are important in the auto-igniting layers that stabilize the flame (Points 1 and 
2). Two of the important reactions that control the auto-igniting layer are O2 + CH3 = O + CH3O, 
and O2 + CH3 = OH + CH2O, which are important for ignition in generating formaldehyde, 
which eventually leads to the formation of CO. Temperature, and consequently heat release, 
controls the ignition for slightly richer mixtures further to the jet center near Point 4, where a 
large number of reactions, including fuel decomposition, radical branching and CO formation, 
are involved. Near the center of the jet core (Point 3), HO2 becomes the controlling species for 
ignition due to the low temperature and fuel-rich condition. The ignition in the jet center is 
however significantly slower than that near Points 1 and 2 because of the low temperature, as 
shown in Fig. 7-6a. Therefore the ignition process in the jet center is not critical for the flame 
stabilization. Instead, the rich mixture here will be consumed further downstream when mixed 
with the ignited mixtures from the flame zone. Behind the lean flame fronts, a layer controlled by 
CO can be clearly seen. This layer is corresponding to the post-reaction zone in lean premixed 
flames for hydrocarbon, where the conversion of CO to CO2 takes time to occur. The controlling 
reaction here (Point 5) is as expected: OH + CO = H + CO2. Further beyond the CO conversion 
layer at Point 6, acetaldehyde becomes a controlling species because of the increasing 
equivalence ratio. The corresponding controlling reaction then becomes: CH3 + HCO + (M) = 
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CH3CHO + (M). It is thereby demonstrated that rich chemical information can be obtained by 
CEMA in analyzing flames with complex structures. 
To compare CEMA with conventional methods for identifying flame and ignition 
structure, the flame front detected by CEMA (white iso-line) is superposed onto the iso-contours 
of temperature and selected species, including H2O, CO, CO2, OH, HCO, HO2 and CH2O, shown 
in Fig. 7-11. Note that HCO is a QSS species as mentioned in Section 7-3, therefore its 
concentration was reconstructed from that of the other species in the 22-species reduced 
mechanism. It is evident that the lean flame front detected by CEMA, located well into the 
heated coflow shown in the gray background, is largely indiscernible from the temperature plot. 
This is because of the high coflow temperature (1550 K) and, consequently, the extremely lean 
flammability limit near the coflow. The lean flame fronts therefore involve almost no heat 
release crossing the flame due to the extremely lean mixtures and therefore are difficult to detect 
by temperature variation. The high temperature zones, however, consist of the diffusion flame 
kernel, which involves near-stoichiometric mixtures. It is seen that the products, e.g. H2O, CO 
and CO2, peak primarily in the ignited and near-stoichiometric mixtures, radical H and HCO 
peak primarily in the diffusion flame front where temperature peaks, and HO2 and CH2O peak 
primarily in rich mixtures with moderately high temperatures. It is noted that while HO2 is 
known to be an important precursor for ignition, it is seen in Fig. 7-11 that HO2 is not a good 
indicator for the lean flame fronts in the present lifted flame. In contrast, CEMA can detect 
ignited mixtures further upstream than the locations where increases in temperature and 
concentrations of such species as OH and H2O are discernible. This is again attributed to the 
extremely lean mixture deep in the coflow near the flame base, similar to the observation in a 
lifted hydrogen jet flame [157]. Nevertheless, in contrast to the lifted hydrogen flame structure 
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[157, 169], the ignited mixtures near the base of the ethylene jet flame show an intermittent 
topology, i.e. there are islands of ignited mixtures that are disconnected from the bulk zones of 
the ignited mixtures downstream. This topology also suggests that the ignited mixture near the 
flame base is not induced by upstream propagation of the existing flame fronts, but rather by 
auto-ignition in the upstream explosive mixing layers. 
7.6 Concluding Remarks 
The previously developed method of CEMA is extended in the present work as a 
computational diagnostic for the DNS of a lifted ethylene jet flame in heated coflowing air. It is 
shown that CEM plays a critical role in a variety of combustion phenomena, such as ignition, 
extinction, and premixed flame propagation. It is emphasized that CEM is a chemical property of 
the local mixture, and as such CEMA can be efficiently performed in situ in large-scale 
simulations including 3-D DNS or large eddy simulations where it can be applied point-wisely.   
It is important to recognize that transport may interact with CEMs through changing 
temperature and mixture compositions. Therefore, CEMs obtained for local mixtures have the 
transport effect embedded. While the relative strength of transport and CEM can be estimated 
with the Da defined in eq. (7-2), conclusive information is currently obtained only for mixtures 
with large Damköhler numbers. More accurate quantification of the interaction between CEMs 
and transport will be investigated in future works.  
It is further noted that while CEMA was performed with the reduced mechanism in the 
present work, it can also be performed with detailed and skeletal mechanisms, provided that the 
dominant physics is preserved through the reduction. Furthermore, while the reduced mechanism 
consists of QSS species whose transport was neglected, the QSS species do participate actively 
in the chemical reactions. As such, they were also included in the present analysis with their 
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concentrations being reconstructed with the associated algebraic equations. In this sense the 
results from the reduced mechanism are mostly identical to that of the skeletal mechanism.  
An interesting observation in the present work for ethylene and that for hydrogen in Ref. 
[157] is that only a single CEM exists for each reaction state, except for the isothermal ignition 
of a highly diluted ethylene-air mixture shown in Fig. 7-3. Based on the present study, it is not 
clear what conditions will result in multiple CEMs in a mixture. Nonetheless, in cases where 
multiple CEMs coexist, as also observed in Ref. [161], the present CEMA method can be applied 
with the fastest CEM.  
We also want to mention that, although the PI of reactions defined in eq. (7-4) can be 
readily computed, visualization of the flame structure with chemical reaction rates is quite 
involved due to the large number of participating reactions. This topic merits further study. It is 
noted in the end that the Jacobian matrices in the present work were analytically evaluated to 
ensure sufficient precision in computing small eigenvalues. 
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Figure 7-1 Comparison of the 22-species reduced mechanism with the detailed mechanism for 
(a) extinction time in PSR and ignition time, and (b) premixed flame speed. 
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Figure 7-2 (a) temperature profiles and positive eigenvalue, log10(1+λe, 1/s), associated with 
CEM, indicated by the facecolor of the symbols, for auto-ignition of stoichiometric ethylene-air 
mixtures under atmospheric pressure and various initial temperatures, and (b) evolution of λe and 
the eigenvalue of the next non-conservative chemical mode in auto-ignition of stoichiometric 
ethylene-air mixture under atmospheric pressure and initial temperature of 1400 K. 
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Figure 7-3 (a) Species concentrations and eigenvalues of the first three non-conservative 
chemical modes in the ignition of stoichiometric mixture of ethylene and N2-diluted air with 99% 
N2 in mole under atmospheric pressure and constant temperature of 1200 K. (b) The magnified 
structure of the chemical modes near the crossover points. 
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Figure 7-4(a) Temperature profiles in PSR for stoichiometric ethylene-air mixtures under 
various pressures. The positive eigenvalue, log10(1+λe, 1/s), associated with CEM, is indicated 
by the facecolor of the symbols. (b) The profiles of reciprocal time scale of the CEM and that of 
the loss for the atmospheric cases in (a).    
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Figure 7-5 Temperature profiles 1-D laminar premixed flames for ethylene-air mixtures under 
atmospheric pressure, with inlet temperature of 300 K and various equivalence ratios. The 
positive eigenvalue, log10(1+ λe, 1/s), associated with CEM, is indicated by the facecolor of the 
symbols. 
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Figure 7-6 Structure of the lifted ethylene jet flame in a heated air coflow, obtained by CEMA 
(a) time scales of CEM or the decaying mode evolved from a CEM.  Red hues indicate pre-
ignition mixture (λe >0) and blue indicates ignited mixture (λe <0); (b) iso-contour of Da defined 
in eq. (7-2), with red indicating auto-igniting zones and blue indicating the diffusion flame zone. 
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Figure 7-7 Spatial profiles of temperature and Da for 1-D premixed flames of ethylene-air under 
atmospheric pressure, with inlet temperature of 300 K and equivalence ratios of (a)  = 0.5, (b)  
= 1.0, and (c)  = 2.0. 
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Figure 7-8  (a) Temperatures and local equivalence ratios, and (b) local velocities in x-direction, 
u, and projected ignition locations, xign, for the mixtures along the two most explosive streams 
with Da >1000, extracted from the 2-D flow field shown in Fig. 7-6. 
0 1 2 3
1520
1540
1560
10
-4
10
-3
10
-2
10
-1
 T, y>0
 T, y<0
 
 
T
e
m
p
e
ra
tu
re
, 
K
x/H
(a)
 , y>0
 , y<0
E
q
u
iv
a
le
n
c
e
 r
a
ti
o
, 

0 1 2 3
0
5
10
10
20
30
40
50
 x
ign
, y>0
 x
ign
, y<0
(b)
 
 
P
ro
je
c
te
d
 i
g
n
it
io
n
 l
o
c
a
ti
o
n
, 
x
ig
n
/H
x/H
 u, y>0
 u, y<0
u
, 
m
/s
145 
 
 
Figure 7-9 Profiles for temperature and time scale of the CEM in a 1-D burner stabilized 
premixed flame, with the inlet condition sampled near the nozzle exit (x/H = 0.03, y/H = 1.4) in 
Fig. 7-6. Symbols: calculated with mixture averaged species diffusivities and thermal 
conductivity; Line: calculated with both mixture averaged species diffusivities and thermal 
conductivity reduced by a factor of 1000. 
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Figure 7-10 Controlling variables in various flame zones of the lifted ethylene jet flame in a 
heated air coflow, shown in EI-weighted color-mixing of temperature (red), HO2(green), O 
(blue), CH3 (yellow), OH (magenta), CO (cyan), and CH3CHO (gray). Zones with dominating 
chemistry are highlighted by Da on a logarithmic scale. The white iso-contour shows the 
partially premixed flame fronts, where λe  = 0, identified in (a). 
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Figure 7-11 Iso-contours of normalized temperature and mass fraction of selected species in the 
lifted ethylene jet flame. For each plotted quantity, the minimum and maximum values of the 
entire flow field are normalized to 0 and 1, respectively. The white iso-contour indicates the 
premixed flames detected by CEMA. 
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Table 7-1 EI and PI on the selected points in Fig. 7-3c. 
 
Points Location EI, Species PI, Reactions 
1 x = 1.29H 
y = 0.99H 
0.61, O 
0.17, OH 
0.13, CH2O 
0.26, R82: O2 + CH3 = O + CH3O 
0.22, R83: O2 + CH3 = OH + CH2O 
0.18, R155: C2H4 = H2 + H2CC 
 
2 x = 2.67H 
y =-0.70H 
0.34, OH 
0.25, CH3 
0.14, O 
0.11, R47: O2 + HCO = HO2 + CO 
0.11, R158: O + C2H4 = OH + C2H3 
0.11, R46: HCO = H + CO 
 
3 x = 3.63H 
y = 0.30H 
0.97, HO2 0.25, R139: O2 + C2H3 = O + CH2CHO 
0.24, R140: O2 + C2H3 = HCO + CH2O 
0.19, R168: CH3 + C2H4 = CH4 + C2H3 
 
4 x = 6.33H 
y =-0.78H 
0.58, T 
0.12, C2H4 
0.09, R1: H + O2 = O + OH 
0.08, R161: OH + C2H4 = H2O + C2H3 
0.08, R21: OH + HO2 = O2 + H2O 
0.08, R139: O2 + C2H3 = O + CH2CHO 
0.08, R85: HO2 + CH3 = OH + CH3O 
0.07, R46: HCO = H + CO 
0.06, R47: O2 + HCO = HO2 + CO 
 
5 x = 8.17H 
y = 2.00H 
0.96, CO 0.47, R30: OH + CO = H + CO2 
0.26, R15: H + O2 = HO2 
 
6 x = 9.55H 
y =-0.81H 
1.00, CH3CHO 0.59, R89: CH3 + HCO = CH3CHO 
0.18, R30: OH + CO = H + CO2 
0.14, R15: H + O2 = HO2 
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Chapter 8 Conclusions and Future Perspectives 
 
The present research was conducted to develop efficient reduction strategies to generate 
accurate skeletal mechanisms of large engine fuel surrogates for 3-D engine simulations. The 
study is motivated by the fact that detailed mechanisms of practical engine fuel surrogates are 
very large and complex. Detailed chemistry with such a large size is computationally prohibitive 
for multi-dimensional engine simulations. However, incorporating detailed chemistry is 
important for engine simulations to understand complex flame behaviors and limit combustion 
phenomena such as ignition and extinction. Hence accurate skeletal mechanisms with small sizes 
need to be developed with efficient reduction strategies for efficient 3-D engine simulations. 
There have been many methods developed for mechanism reduction. In particular, the DRG-
based methods have been shown to be efficient for skeletal reduction of hydrocarbon fuels. The 
present research attempt is to extend the DRG-based methods with additional reduction methods 
to achieve efficient reduction of large engine fuel surrogate mechanisms. 
 The investigation first focused on using DRG-based methods to develop a reduced 
mechanism for methane-ethylene mixture with NOx enrichment to demonstrate the effectiveness 
of the DRG method. A detailed mechanism for methane-ethylene mixtures was obtained by 
merging the updated NOx sub-mechanism from GRI 3.0 to the detailed USC Mech-II for C1-C4 
fuels. It is noted that while GRI 3.0, including the NOx subcomponent, is an optimized 
mechanism, the rate parameters were tuned within the uncertainty ranges, such that the detailed 
chemical reaction paths were not substantially altered through the optimization.  As such it can 
be feasible to extract a subcomponent from a carefully optimized mechanism and merge it to 
different fuel oxidation mechanisms. The combined detailed mechanism and the reduced 
mechanism were then validated against available experimental data with NO enrichment. 
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Encouraging agreement was observed between the updated detailed mechanism and reduced 
mechanism. The effects of NO enrichment on methane-ethylene mixtures were consequently 
studied with the detailed and reduced mechanisms. It was found that the thermal NO reaction 
pathways are not the primary channels where NO interacts with other fuel-derived species. 
Instead, the prompt NO pathways and the corresponding N-containing intermediate species play 
important roles in altering fuel chemistry at low temperatures.  
The DRG method was then extended to develop a skeletal mechanism for a biodiesel 
surrogate. Biodiesel is a promising renewable fuel and its detailed mechanism features a large 
size and multiple isomer groups. It was found that the original DRG method could be affected by 
the isomer group size in the mechanism and important isomers may be eliminated if a not-
sufficiently-small error tolerance is forced, resulting in over-reduced mechanisms. DRG was 
then revised to resolve the isomer issue by revising the definition of rAB (eq. 2-1). It was shown 
that with revised rAB, a reasonable large error tolerance, say 10~40%, can be specified in DRG 
without eliminating important species. A reduction strategy including the revised DRG, isomer 
lumping and DRGASA was then applied to develop a high temperature skeletal mechanism of 
biodiesel. The skeletal mechanism was validated against the detailed mechanism over a wide 
range of parameters in homogenous applications. Good agreements were observed despite the 
large extent of reduction by almost a factor of 30. The skeletal mechanism was also further 
validated for various fuel compositions and JSR simulations, and was compared with 
experimental measurements in the literature for RME in JSR and counterflow diffusion flames of 
pure MD. 
DRG and revised DRG (DRG2) were then compared with other DRG-based methods, 
including DRGEP and PFA. DRGEP assumes that the error geometrically damps along the graph 
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searching paths, while PFA considers the production and consumptions of each species 
separately. Local reduction errors of the four methods were first compared in PSR over a wide 
range of parameters. It is seen that the worst case relative error of DRG, DRG2 and PFA is 
overall linearly proportional to the user specified error tolerance ɛ, while the worst case error of 
DRGEP is close to unity even for very small error tolerances. It has been further shown that H 
species instead of fuel can be selected as the starting species to derive more accurate skeletal 
mechanisms using DRG.  
Error control is important for mechanism reduction methods. DRG is further extended to 
allow expert-specified species-specific error tolerances (x-values) for the species of interest. The 
DRGX method is more suitable than DRG to derive skeletal mechanisms with high chemical 
fidelity from detailed mechanisms that consists of disparate uncertainties in reaction pathways. 
The x-values can either be pre-processed or post-processed in DRGX. Pre-processing the x-
values is a rather conservative option for DRGX, and can be used when chemical fidelity is of 
the primary concern. In the present study, DRGX with post-processing was found to be a good 
option in deriving skeletal mechanisms with balanced size and chemical fidelity. In addition, 
DRGX also takes into account the heat release effect. For practical simulations where the 
prediction of heat release rate is of the primary interest, DRGX with a small xQ value can be 
performed. While in studies where it is important to retain high fidelity of selected species, 
DRGX with larger sets of x-values can be adopted. 
DRGX combined with DRGASA was then applied to develop a 106-species skeletal 
mechanism for n-dodecane including low-temperature chemistry from a comprehensive detailed 
mechanism for n-alkanes developed by the LLNL The model includes a new C0-C4 base 
chemistry and updated reaction classes and rate constant rules for n-alkanes compared to the 
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original LLNL alkane model. The 106-species skeletal mechanism was then comprehensively 
validated against the detailed mechanism for homogeneous systems including auto-ignition and 
extinction. It was shown that the skeletal mechanism performs well over a wide range of 
parameters. The skeletal mechanism was then simulated and compared to experimental data for 
shock-tube ignition delay, JSR speciation, laminar flame speed and counterflow flame 
temperature. Further validation was performed by Dr. Sibendu Som at Argonne National 
Laboratory [98] against 3-D turbulent spray combustion data at CI engine conditions obtained 
from ECN. Promising agreement between simulations and experiments indicates that the highly 
reduced skeletal mechanism can be a good surrogate of the detailed model for engine simulations 
of n-dodecane.  
A 115-species skeletal mechanism for biodiesel surrogate (MD, MD9D and n-heptane) 
with low-temperature chemistry was further developed using the revised DRG-based methods. 
The rate constants for the n-heptane and larger alkane subcomponents in the detailed mechanism 
developed by LLNL were first updated by Dr. Mani Sarathy [112] to be consistent with rate rules 
present in the current LLNL n-heptane and larger alkane mechanisms. The updated detailed 
mechanism was validated with experimental data including ignition delays of n-heptane and MD, 
and the species profiles of MD in JSR.  
The updated detailed mechanism was then reduced by subsequently applying revised 
DRG (DRG2), isomer lumping and DRGASA. Substantial reduction in the mechanism size was 
achieved by carefully utilizing error cancellation [116] in the reduction by DRGASA. In the 
present reduction, if the individual eliminations of two species result in opposite errors, 
sensitivity analysis will be performed by test-eliminating the pair of species together. If the error 
induced by the test-elimination is smaller than the error tolerance, the elimination will be 
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committed. It is noted that only the species with errors smaller than 40% were considered in 
error cancellation. Comprehensive validations of the skeletal mechanism against the detailed 
mechanism were further carried out to guarantee its chemical fidelity. The validations show that 
the small skeletal mechanism performs well over a wide range of parameters for both ignition 
and extinction applications. Nevertheless, it is worth noting that although larger extents of 
reduction can be achieved by utilizing error cancellation, the chemical fidelity of the resulting 
mechanism may not be guaranteed, particularly in predicting the concentrations of the 
intermediate species. This point is similar to the original DRGASA method. Therefore, the 
skeletal mechanisms developed using DRGASA with or without error cancellation should be 
carefully validated before being applied in combustion simulations.   
Finally, a reduced mechanism for ethylene-air mixture generated using DRG-based 
methods was developed for the DNS of a lifted ethylene jet flame in heated coflowing air (a 
simulation at Sandia).  A recently developed method of CEMA is extended as a computational 
diagnostic to identify the flame stabilization mechanism for the ethylene jet flame. It was shown 
that compared to other traditional computational diagnostic techniques such as temperature and 
species profiles, CEMA can clearly reveal the limit phenomena and stabilization mechanism of 
turbulent reacting flows. In the present study, species and reaction paths that are important at 
different flame zones of the ethylene lifted flame were identified by CEMA. It was observed that 
auto-ignition is the dominant stabilization mechanism for the turbulent lifted ethylene jet flame. 
O and OH radicals were identified as important species in the auto-ignition layer that stabilize 
the flame.   
One of the key contributions of the proposed reduction framework is to develop accurate 
skeletal mechanisms for large engine fuel surrogates such that they can be integrated into 
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practical reacting flow simulations. With the revised DRG method and the proposed reduction 
strategies, a factor of around 30 in mechanism size reduction was achieved. Multiple accurate 
skeletal mechanisms for large hydrocarbons have been developed using the DRG-based methods. 
Kinetics integration and uncertainties in the retained reactions in such skeletal mechanisms can 
be further investigated in the future to facilitate further mechanisms compilation and reduction. 
Another direction of the future work could be the extension of the present reduction framework 
to on-the-fly reduction. The present reduction strategies have been shown to be efficient in 
developing globally valid skeletal mechanisms amenable for 3-D engine simulations. 
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Appendix 
A. Reduced Mechanism of Methane/Ethylene with NOx Enrichment 
List of retained species in the 35-step reduced mechanism their indexes corresponding to the 
order in the detailed model. The reduced model was developed and validated for T = 1000-1800 
K, p = 1-30 atm, ϕ  = 0.5-1.5, methane mole fraction = 0-100%, no mole fraction in air = 0-3%. 
CHEMKIN format inputs are available on: http://www.engr.uconn.edu/~tlu/mechs/mechs.htm 
 
Index species index species index species index species 
     1 AR 15 CH3 30 C2H4 49 nC3H7 
2 N2 16 CH4 31 C2H5 70 C4H81 
3 H 18 HCO 32 C2H6 113 N 
4 O 19 CH2O 33 HCCO 118 NO 
5 OH 20 CH3O 35 CH2CO 119 NO2 
6 HO2 22 CH3OH 37 CH2CHO 126 HCNO 
7 H2 23 CO 40 CH2OCH2 128 HNCO 
8 H2O 24 CO2 43 aC3H4 129 NCO 
9 H2O2 27 C2H2 45 aC3H5 17 CH3O2 
10 O2 29 C2H3 48 C3H6   
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B. High Temperature Skeletal Mechanism of Biodiesel Surrogates 
List of retained species in the 118-species skeletal mechanism their indexes corresponding to the 
order in the detailed model. The reduced model was developed and validated for T = 1000-1800 
K, p = 1- 100 atm, ϕ = 0.5-2. CHEMKIN format inputs are available on: 
http://www.engr.uconn.edu/~tlu/mechs/mechs.htm 
 
index species index species index species index species 
2 N2 23 C5H11-1 126 C2H5O2 209 MB4J 
4 H 26 C8H17-1 127 C2H5O 210 MP3J 
6 CH 27 C9H19-1 128 CH2CHO 211 ME2J 
7 CH2 48 C4H7-13 129 C2H4O2H 212 MD9D 
8 CH2(S) 68 C5H9-15 130 C2H4O1-2 227 MO7D 
9 CH3 69 C4H7-14 131 C2H3O1-2 233 MS6D 
10 C2H5 98 O 134 HCCO 237 MS2D 
11 NC3H7 99 OH 140 C2H3CO 238 MH5D 
12 PC4H9 100 HO2 150 NC3H7O2 242 MF4D 
14 C3H5-A 102 CH3O 154 C3H5O 245 MB3D 
15 C2H3 103 HCO 158 C3H6O1-3 247 MP2D 
16 IC3H7 108 CH3OCO 159 C3H6OOH1-2 282 MPMJ 
18 C2H 110 CH3O2 160 C3H6OOH1-3 283 MEMJ 
21 C3H3 111 CH3CO 205 MO8J 285 MP2DMJ 
22 C3H2 112 CH2CO 208 MF5J 428 C5H11O2-1 
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index species index species index species index species 
442 PC4H9O2 1948 C2H2 2008 CH2O  ISO016 
446 MEMO2 1950 C3H4-A 2010 CH3O2H  ISO018 
447 MPMO2 1953 C8H16-1 2012 HOCHO  ISO019 
449 MP3O2 1954 C7H14-1 2030 MD  ISO020 
458 MF5O2 1955 C6H12-1 2100 C2H3CHO  ISO021 
489 MDMO2 1956 C5H10-1 2192 MEOM-2  ISO023 
595 MEMOOH2J 1957 C4H8-1 2193 MPOM-2  ISO026 
597 MPMOOH2J 1970 C4H6 2281 MDOM-2  ISO028 
906 MEMO 1975 C6H10-15 2760 MEMOOH  ISO030 
992 EAOJ 1979 C7H12-16 2825 C4H7O  ISO032 
1942 H2 2003 O2 3295 NC7H16  ISO034 
1943 CH4 2004 H2O  ISO0041  ISO035 
1944 C2H4 2005 H2O2  ISO005  ISO037 
1945 C2H6 2006 CO  ISO012   
1946 C3H6 2007 CO2  ISO015   
 
 
 
 
 
 
 
 
 
                                                 
1 Isomer information is in Table 3-1 
168 
 
C. Skeletal Mechanism of n-Dodecane 
List of retained species in the 106-species skeletal mechanism their indexes corresponding to the 
order in the detailed model. The skeletal model was developed and validated for T = 700-1800 
K, p = 1-100 atm, ϕ =0.5-2. CHEMKIN format inputs are available on: 
http://www.engr.uconn.edu/~tlu/mechs/mechs.htm 
 
index species index species Index species index species 
1 H 29 CH3 65 C2H3CO 136 C4H7O 
2 H2 34 C2H6 66 C2H5CHO 147 C4H8OOH1-3 
3 O 35 C2H5 82 C3H8 154 C4H8OOH1-3O2 
4 O2 36 C2H4 84 NC3H7 160 NC4KET13 
5 OH 37 C2H3 85 C3H6 172 NC3H7CHO 
6 H2O 38 C2H2 86 C3H5-A 173 NC3H7CO 
7 N2 40 CH3CHO 90 C3H4-A 232 C5H11-1 
8 HO2 41 CH3CO 93 C3H5O 295 C6H13-1 
9 H2O2 42 CH2CHO 103 NC3H7O2 298 C6H12-1 
11 CO 43 CH2CO 119 C4H10 376 NC4H9CHO 
12 CO2 44 HCCO 120 C4H8-1 377 NC4H9CO 
13 CH2O 50 C2H5O 122 PC4H9 386 NC3H7COCH2 
14 HCO 58 C2H3O1-2 126 C4H71-3 397 C7H15-1 
25 CH3O 60 CH3COCH2 129 C4H6 401 C7H14-1 
28 CH4 64 C2H3CHO 132 PC4H9O2 420 C7H15O2-1 
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index Species index species index species index species 
433 C7H14OOH1-3 692 C12H24-5 964 C12OOH5-3O2 1326 C6H13COCH2 
502 NC5H11CHO 699 C10H20-1 967 C12OOH5-7O2 1327 C5H11COCH2 
503 NC5H11CO 704 C9H18-1 972 C12OOH6-4O2 1359 NC8H17CHO 
514 NC4H9COCH2 708 C8H16-1 1095 C12O2-4 1361 NC6H13CHO 
519 C4H7OOH1-4 739 C12H25O2-2 1103 C12O4-6 1369 NC8H17CO 
520 C4H7O1-4 742 C12H25O2-5 1107 C12O5-7 1478 C9H17 
657 NC12H26 743 C12H25O2-6 1176 C12KET2-4 1479 C8H15 
659 C12H25-2 760 C8H17O2-1 1194 C12KET5-3  
660 C12H25-3 796 C12OOH2-4 1197 C12KET5-7  
662 C12H25-5 814 C12OOH5-3 1202 C12KET6-4  
663 C12H25-6 817 C12OOH5-7 1205 C12KET6-8  
678 C9H19-1 822 C12OOH6-4 1324 C8H17COCH2  
684 C8H17-1 946 C12OOH2-
4O2 
1325 C7H15COCH2  
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D. Skeletal Mechanism of Biodiesel Surrogate 
List of retained species in the 115-species skeletal mechanism their indexes corresponding to the 
order in the detailed model. The skeletal model was developed and validated for T = 700-1800 
K, p = 1-100 atm, ϕ = 0.5-2. CHEMKIN format input files are available on: 
http://www.engr.uconn.edu/~tlu/mechs/mechs.htm 
 
index Species index species index species index species 
2 N2 100 HO2 195 MD3J 318 MD9D6J 
4 H 102 CH3O 199 MD7J 319 MD9D7J 
6 CH 103 HCO 200 MD8J 320 MD9D8J 
7 CH2 108 CH3OCO 206 MS7J 431 C7H15O2-2 
9 CH3 110 CH3O2 207 MH6J 446 MEMO2 
10 C2H5 112 CH2CO 208 MF5J 458 MF5O2 
11 NC3H7 114 C3H7CO 209 MB4J 491 MD3O2 
12 PC4H9 128 CH2CHO 210 MP3J 496 MD8O2 
14 C3H5-A 134 HCCO 211 ME2J 535 C7H14OOH2-4 
15 C2H3 138 CH3COCH2 212 MD9D 595 MEMOOH2J 
30 C7H15-2 140 C2H3CO 219 MD2D 627 MF5OOH3J 
66 C6H11-16 150 NC3H7O2 227 MO7D 783 MD3OOH5J 
69 C4H7-14 154 C3H5O 233 MS6D 815 MD8OOH6J 
98 O 173 C2H5COCH2 283 MEMJ 946 MD3OOH5O2 
99 OH 194 MD2J 314 MD9D2J 967 MD6OOH8O2 
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index Species index species index species index species 
978 MD8OOH6O2 1945 C2H6 2089 C5H11CHO 3092 MD9D7OOH5J 
1093 MFKET53O 1946 C3H6 2091 C3H7CHO 3126 MD9D6OOH8J 
1181 NC7KET24O 1948 C2H2 2098 C2H5CHO 3183 MD9D7OOH5O2 
1308 MDKET86O 1955 C6H12-1 2100 C2H3CHO 3217 MD9D6OOH8O2 
1312 MDKET68O 1957 C4H8-1 2192 MEOM-2 3273 MD9DKET68 
1323 MDKET35O 1970 C4H6 2310 MP3OXO 3295 NC7H16 
1390 MP3OXO3J 2003 O2 2312 MF5OXO  Iso003 
1391 MB3OXO4J 2004 H2O 2313 MH6OXO  Iso005 
1397 MH6OXO6J 2005 H2O2 2413 NC7KET24 Iso006 
1402 MS6OXO7J 2006 CO 2505 MFKET53  Iso015 
1689 C7H14OOH2-4O2 2007 CO2 2661 MDKET35   
1781 MF5OOH3O2 2008 CH2O 2682 MDKET68   
1942 H2 2009 CH3OH 2693 MDKET86   
1943 CH4 2010 CH3O2H 3072 MD9D6O2  
1944 C2H4 2030 MD 3073 MD9D7O2  
 
Lumped isomers information (value behind species are the intra-group mass fraction): 
ISO003:  MD5O2/0.481 MD6O2/0.519 
ISO005:  MD5OOH7J/0.463 MD6OOH8J/0.537 
ISO006:  MD5J/0.489 MD6J/0.511  
ISO015:  MD9DKET75/0.508 MD9DKET35/0.492 
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E. Reduced Mechanism of Ethylene-air Mixture 
List of retained species in the 22 species reduced mechanism their indexes corresponding to the 
order in the detailed model. The reduced model was developed and validated for T = 1000-1800 
K, p = 1-50 atm, ϕ = 0.5-1.5, CHEMKIN format inputs are available on: 
http://www.engr.uconn.edu/~tlu/mechs/mechs.htm 
 
Index species index species index species index species 
1 H2 7 HO2 18 CH2O 34 CH3CH
O 
2 H 8 H2O2 23 C2H2 41 aC3H5 
3 O 13 CH3 26 C2H4 44 C3H6 
4 O2 14 CH4 28 C2H6 75 N2 
5 OH 15 CO 29 HCCO   
6 H2O 16 CO2 30 CH2CO   
 
 
